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. Long Endurance Underwater Power System Qaarteriy Report
qnautics Corporation July. 1989 through September. 1989I

1. EXECUTIVE SUMMARY

3E ur-ng the last quarter. work was mainly carried out in five areas:

i. Power Source Concepts SPower Source Experimentations
.�. puimization of the ALWATI Batteries

4. Cauer
5. Gill

In cooperation with personnel from Alupoer "c., we have investigated various options to
generate power using aluminum as fuel and gill technology to extract oxygen. The
advantages and di, advantages of a few of the -Vtions were looked into and the energy
densities were calculated. The power source scheme, ALWATT-CFFC. under
development by Aq~janautics can enhance the energy density of ALWATT.' an aluminum-

* seawater battery. to 4000 WhA from approximately 2000 Wh/l. This is accomplished by
oxidizing H-2 generated from- ALWAT" in a fuel cell with d,'o.,-o-d oxygen from seawater
transported by Aquanautics' proprietary carrier.

In another scheme. the AL-Carrier battery, aluminum is oxidized directly in a battery with
the oxyge nated cantier. This system is simpler and the energy density could still be higher
than the ALWAfl-CFFC. But this system has not been developed to any extent. It is to
be noted that all these energy density figures are calculated with major assumptions about
pefformant of _he systems- In the last quarter a considerable amount of w-ork was carried
out in a CFFC and efficiency has been i.nprv'd to 28% from 18%. Stability of the
performance will be checked in the next quarter. Some experiments on the AL-carner
showed feasihility although the long-term performance has not been established yet.

The ALWATT battrry which produces hydrogen has been optimized to yield an energy
density of about 2000 Whil

Longe• ity studies with carriers showed that the iifetime of carnier 72 was related to the
contentration of free oxygen dissolved in the carrier. The bound oxygen is n.t responsible
for the degradaton. Since the free oxygen concentraiton canntv be higher than that in
seawater for the gill, tht implication is therefore that underwater operation favcvs the carmerU ifeume.

Two membrane cartridges (out of eight ordered) were obtained from AMT and were tested.
The cartridges leaked arA therefore the results obtained were not reliable. They will be
repaired and re-tested. In the meantime, the otner cartridges hav¢. ,,en procured and will
be tested this quarter

, 7
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Long Endurance Underwater Power System Quaerly Report
Aguanautics Co rporatio July. 1989 through September. 1989

2. POWER SOURCE COMPARISONS

1 2.1 Summary

In this section four possible vower sru'ce de~i~cp utilizing aluminurn a fiwi sm A•.•ri--,
"Their projected volumetric energy densities were calculated to be about 5 to 10 times that of
the lithium thionyl chloride battery. These are tabulated below:

I Comments Regarding
System W-, XVWK g System Components

I Lithium Thionvl Chlcqde (Li-SOCi2" Battery 430 3-30 no moving pris
Aluminum Seawater (ALWATT) Battery 2300 1000 no moving pimls
Aluminum Dissolved Oxygen (AL-DOS) Battery 2900 1400 seawater pump
Aluminum Carrier (AL-Carrier) Battery 4600 2200 seawater pump

carrier pump and gill
Alwatt Carrier Feed Fuel Cell (ALWATI-CFFC) 3800 1900 same as AL-Carrier

t Iplus fuel cell

I System Major Assumptions

A] -DOS 37% power efficiency and V%- power
consumption by seawater pump

ALL-Carnzer ,47% efficiency
ALWATT-CFF-C 57% fuel cell efficiency

3 These calculauons vere carned out by Alupower and Aqnauutics personnel Alununum
unltavon eftcien-,, In the four schemes 3s .aken io be Wk.

I2.2 Introduction

Developing a high energy density electr.ochemical power souice for uwderwater uSe
r1mquaims the following consxkid onas:

I ) Energy of raction
2) Reactants to be camrd5 3) Ancillary. cc -w-nus to be carried
4') Depth
5) Tempamtur
6) Rehmbihty of the system
7) EndumnM reqLared

The following discussmon is related to a long endurance (0 - 5 years). 5 - 100 W et output
system. Fto land use one would use a snmall diesel engine with an occasimal fill up of fuel
or if cost is of no cwkenm, one would lethaps use the lithium thwnyl chloride battey. The
lithium thionyl chlorde (L.SO02) battetis one of the mos povefu| p battery

3 Page 2



I Long Endurance Underwater Power System Quarterly Report
AQuanautics Corporation July,. 1989 through September.j1989U
systems (see Figure 2 1) with energy densities of 1000 WhAl and -0 Wh'kg 2 1 Another
alternative is to use a SPE fuel cell with methanol reformer or metal hydride as a fuel
source. Reference ! also deals with such options (p. 42.1 - 42.17). The other alternative
is the metal air battery. In this case. elecu,,ytc anw~Tr metal must be replaced regularly to
ensure a practical svstem. For long endurance, the fuel cell becomes a very viable system
(see Figure 2.2).

On land. the use of a fuel cell has its advantages as the oxidant. 02. is plentiful in air and
one -would only need to carry fuel Under water, this advantage can only be retained if
there is an efficent nrocess for harnessing o-.gen from seawater. The Aquanautics gill
technology development is an attempt in, this direction. Because of the presence of
seawater, a conducting electrolyte. ther, are other Dossible options.

2.3 Options

A poNwer source evolution route started with the Li-SOCI2 (best prmuary battery) and ended
with the ALVATT-CFFC or AL-Camer batter, as shown in Figure 2.3. The systems at
the end have appixptumtely 10 tmes nmr,: energy density than the Li-SOCI2 battery

3 The five systems that are to be corisidered are:

A) Lithitm Thionvl Chlorde BailerN
B Alumrnum-Dissolved (Cy'gen System tAL-DOS)
C Aiuminuun -Seau ater Battern (ALA'IT)
D Carrner Feýd Fuel Cell WCFFCSE) Alumnum Carner Battery (AL-Carrer)

From these, the lithum thiovl chloride batters and the Alwat, are crnmuerciallv available,
perhaps not at the energy denslty level as given in Figure 2.3 Interested readers are
requested to consult published literture or contact -he mamifacturers (e.g.. Altus, San
Joe. CA and Honeyw-ell fr the Li-SOCI 2 and Alupower, Warren. NJ for the Alwattbattene s

AL-I)OS System

In this system, disýolved oxygen in seawater takes part direiztly it, the, electr-chemmic.!
pr(%:ess Seaalter iý pumped :hrc'igh the cell hous!ng which constitutes an oxygen-
reduction cathdxe and alununum anode The reactioms arm as follows

"MA1 ,-> 2Al**- + (v-,
0 -. *1-bt) H 6e- -.> _4011)

2A1 0. • 12 H ., > 2A) tOH)i

I The themod,, namic c m f of the a-,w-e reaction i . 2 7 V. hut an (X.'\' of 1 4 % is aormiatlv
ohbsrved arid on load, th• voltage further drops down

KHs 'xv-x rA4 Pitcitric &M Fuel Cells. e'i David L.n&n. M-(i1r Hill NY ,'9-i . pip it-39

i ~Page .



Long Endurance Underwater Power System Quarteriy Report
Aguicajg O.,_Cr p oCraion July. 1989 through Sepnember. 1989

The main disadvantage of this battery is that seawater needs to he pumped through the cell
housing (see Filzure 2 4) The seawater pump would need about 30% of the power
generated accordiag to our estimation. Depending upon the cathode structure, the system
may be prone to clogging due to geological fouling and also the hydroxide formation of
calcium, magnesium etc on the cathode. Shunt current protections for higher terminal
voltage would also be more difficult with this system, as one has to deal with high seawater
flow through the battery.

4W 
.,ISOC12

: 200

*Ow>

Znfalkalhe/MnO2

I Le)d acid

-40 -7 0 •Io 40 60
TepnmPe ,. "L

Ettect of tempe•4ture on gravimeinc energy demiy of pri.
aryand &W oodary cells. Ied on D " cdh.

Figure 2.1
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I
SELECTION AND APPLICATION OF BArTlIES 3-19
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Long Endurance Underwater Power System Quanrtendy Repcmi
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With the high oxygen ctocenu-ation in seawater this system looks very. at-active as the
amount of -seawater to be pumped decreases propo'itonately The main advantage is that it
is siwinpler than any of the following processes. It also does not entail any uncertainty of
oxygen cam•i- deveiopment.

CFFC

3 The carner feed fuel cell is a process being developed th- Aquanautics *nd has been
elaborated upon in prvious quarterly reports

* AL-Carrier

This schetme is sirmuiar to AL-DOS except that the oxvgy,-n i• uarn rd into the cell by oxygen
carrier. Oxygen ca-nier in turn is supplied with oxygen from seawater through the gill
membrane. The advantage of this process is that the oxygen carrier can transport oxygen i
.n much more cotcentrated form. so the flow thrmugh the cell could be reduced acconhmngly
Gill design and cell design can therefore be independently opuimized to obtain minimum
I power loss.

"There can be two verssions of AL-Camerr direct (Figure 2.5) a,, isolated (Figure 2 6) In
the AL-Canter direct method, oxygenated carrier comes directly in contact with the
cathode Oxygen reducuoa produces OH- ion and the pH of the carrer nses. On the anode
side. seawater is the electrolyte which needs to be flown to flush out AiOH)3 fornmed
nc:eas_ !,- he cathode pH will reJuce the available voltage by 60 mV for each pH unit

The requtrement Lhat seawater and carrier do nor come in contact with e~b f'her kads to
the use of the solid aniom-exchange membrane At Aqunautics.. there has been so"m work
carried out and it has been detenmned that pH nses to 12.4. 1217

U In the indirect method, the caner does not touch the cathode ane, in fact, it vw-ts •s a trm
oxygen transporter Carrer goes through the cathode separated by stolid membrane The
form of solid nmmtanb e could be hollow filer hhrogh which carrer flows This makes
the cathode volume large but has the advantage that cana select:on ki independent of
ele:trochemustry. in the following discussion this mrthud is ignored in faixv of •he direct
method.

2.4 Detailed Euergl Density Cakulalions

3 This section describes the calculatnios ,which are cained out to obrnin system weight I
vturnc for the following undernater erxnry •sut"'es

1) Uthiuin thionyl chlkid battery (Lt-SO0C 2)
2) Aluminum scawater hba•t (ALWAT) pIrudiuc 112
1) Alutmtnum w-nl~i~nc.(LW
4) Aluminum dissolved oxygcn via czrner -A! ,Camr)
5) Combination of an ALWATT with a fuel cell utilhzmig H|2 with oxygen via carrier

(ALWAIT.CIW)

3 1'hn; •cuion also descriNbs all the assumptions made in these ý ak ulanons

3 PFagz
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ILong Endurance Underwater Power System Quarterly Report
Aguanaigics Corporation July. 1989 through September. 1989

U 2.4.1 Thermodynamic Requirement

The ihermodynamic requirement is the minimum requirement of fuel and oxidizer in theIi energy source. For the above five classifications, the primary fuel, oxidizers and the
overall reactions are given in the following table:

System Fuel Oxidizer Overall Reaction

1.I Li-SOC2  Li SOi 2  4Li+2S0C12 --> 4LiCI+SO2+S
2 ALWATr A' H20 2AI+6H20 --> 2A1(OH) 3+3H1-2
3. AL-DOS Al 02(d) 4AI+30 2+6H20 --> 4Al(OH)3
4. AL.Camer Al (L-Co)2-02 4A1+3(L-Co)2-02+6H 20-->4AI(OH) 3 + 6LCo
5. CFFC H-2 (L-Co)2-0 2  2H2+2(L-Co)2-02 --> 2H20 + 2L-Co

Each of these reactions releases energy. If all the energy is converted to useful electrical
energy by means of special design and manipulation of the reaction sites (as in a battery, a

-. I fuel cell or a combination thereof) the amount of reactants required for a given energy
output is defined as the thermodynamic requirement. In reality, it is hardly ever possible to

" i extract all the energy in the form of electrical energy; also, there are components other than
just reactants necessary to build a battery. Nevertheless, this is a good place to start since it
provides the minimum bound for materials needed for a particular energy output.

* Energy obtained from a given reaction is determined from the amount ,hat is reacted and
also the raction itself. The energy. expressed as Wh can be divided into two terms, Volt
(V) and ampere-hour (Ah), i.e. Wh = V x Ah. The concept of Ah is fairly straightforward
and follows from Faraday's Law of electrolysis (any physical chemistry text book). This
law states that %487 cou!ombs or 26.8 Ah is released or required for clectrochenucal
reactic n of one gram equivalent of a material. For example, 9 g o" Al or 6.9 g of U will
produce 26.8 Ah. The voltage concept is slightly more complicated and comes from the
reladonship of Gibb's free energy and electrochemical potential. EMF.

AG = nFE, where AG is the change in free energy due to reaction. n is the numbe: of
electrons involved in the stoichiometry of the reaction. F is again 26.8 Ah, also known as
Faraday. E is the thenrodynanic voltige. Therefore, E represents the energy released pe"
gm-equivalent of substance (n = 1). In this context. it is therefore appropriate to cite these3 Hvoltages and Ah/g of fuel.

From the following table. it can be inferred that the AL-DO.S provides the best possible
gravimetric energy density from a thermodynamic standpoint and the CFFC provides the
best possible volumetric energy density. The advantageous position of lithium is lost as
weigh: and volume of thionyl chloride art considered.

As the name suggests, ALWATT-CFFC is a combination of the ALWAT'T and CFTC
systems, the reaction of the AL-Curfier is a combination of reactions of the ALWATT and
CFFC. The ALWAT-'.CFFC system proposed does not carry hydrogen, but utilizes
hydrogen generated from the ALWATT. Since one gram of Al produces .11 g of H2, theUtotal energy thai can be obtainod from I g of Al by the ALWA1T-CTTFC system is 4.4 +
0. 11 x 28.9 -7.o Wh. This is the same as in the AL-Carrier system. This is of no
surprise.

Page II



I Long Endurance Underwater Power System Quarterly Re port

Aguanautics Crporation _Juiy- 1989 through September. 19891
System Potential, Ah/g. Wh/g, WhIg. Wh/l

Volts Fuel Fuel Fuel + Carrier Fuel + Carrier
Reactant Reactant

3 1 2 3 4 5

Li-SOC,. 373 3.9 14.4 1.5 2000
ALWATT 1.47 3-0 4.4 4.4 11800
AL-DOS 2.70 3.0 8.1 8.1 21800
AL-Camer 2,55 3.0 7.6 7.6 20400
CFFC IM.8 26.8 28.9 28,9 2000"

3 2.4.2. Losses

The previous sectio, defined the minimum requirements of fuel and oxidizer needed for a
given energy requirement. There are inherent losses in a working system when energy is
denivvd friom it. Tshes tosses are due to:

I ) irreversibility
2) chenmcal imbalance- concentration inequibibia
3) electrical res.,s-•saes

The losses lead to voltage loss in the system and are often referred to as voltage
inefficiency There is another kind of loss that arises due to unutihzed fuel or reactant due
to sloughing or parasitic reactions.

3 The following table shows the thermodynarmc and assumed or operating voltages of the
above systems and also the stoichiornetric Ah/g versus what is to be expected in reai
si VtiatiOS.

__T!hernodynaruc Vs. Actual ,;r Proj"ted
SSy.stm Voltage Voil. Ampert brIj of W tlt.zatos

.. , T~iTn¢.o &-tW- Pip.W- FfU, •.,..vrmo..nW tj!A c -,F~lfittitac•

Li-SO0 2  3.73 3 4 91 3 9 not known
ALWArT 1 47 0.45 . 3 2.4 08
ALDOS 27 i,0 37 3 2 4 .08
AL-Gamef 2 ne 1,2 47 3 2.4
CFFC 1I09 06 6 26 - 18.8 07
H2-O 2 Fuel Cell 1.23 09 73 26-8 0.7

3 " )Dity o1f c'y-ocg . l.dfrn is 0 07 Vcr,

Page 12



Long Endurance Unvderwater Power System Quarterly Report
Aguanattics ro,¢orarion JuMy. 1989 through September. 1989

2.4.3 Other Comiponents

3Aside from the reactants, a power source needs other cornponints and materials to buikd a
practical working system. These components and materials are discussed furher as we
discuss each individual system.

2.4.4 Li-SOCI2 System

In this system. awide from the theoretical amount of lithium and thionyl chloride, it has beenI reported that they need extra thionyl chloride to dissolve the products (sulfur dioxide and
the sulfur and lithium chloride). The other matena-ks needed to build a cell are a)
separator, b) carbon as cathode and c) current collection. SO2 that is produced in the cell
when discharged dissolves in SOC12 but exMtS con'i&-rab'c amcMnt of p"ese. The
cell container needs to be sufficiently strong and thick- to wthstand the pressure. When all
these matcriz s tic included, a Li-SOCI2 battery to be used on land has a volumnetric energy

density of 100'W WhJ and 500 Wh/Kg (minuternan silo, reported by Altos Corporatin.
*NUT Sea Grant Symposium, November 1988, Massachusetts). Underwater. these values
are further reduced to 430 WhI.P and 330 WhVkg 1. The exact breakdown of these exo-ss5 .omponents are no( known to Aquanauucs.

I

I

-I

SIp-tw Comtaiuý a . A E %wntJrN,. DARPA. Scpmbc 199%
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Long Endurance Underwater Power System Quarterly Rcport
Aouanautics Corporation July. 1989 throujh September. 1989

2.4.5 AL-DOS (Aluminum Dissolved Oxygen)

I 2AI + 3/2 0 2 + 3H20 --> 2Al(OH) 3,
AG' = -372 kcal3 E = 2.7V

Thermodynamic energy density of Al for this reaction = 8.1 Wh/g or 21.8 Wh/ml

Design for lW, 5 year System (438 kWhr.)
I kg I
The'mnnodywhic Pquiuruient of A; 54 203 Voltaý Efficiency = 37%

"Materials utilization efficiency - 80%
Actual nquirnen" without pumping 182 68
Pu"mpig S,:awater (30% of gross)
Aatual requiremrent with - mping 260 97

I Curent D!!nsity (4,6 mA/cm 2) gies Al
Sthickness of 1.25 cm.

I•er-electrode gap 0.25 c,' c¶ 20% of Al
Gap 19
SU-- a-t .1260 116

* Cell packaging and counter elccuode 2'W%
by vo~ume and 1.5 density 34 23

"- b-tv-Wa! 294 139
Seawater pump 10 5_• System package 5

To 21 304 Jay
W-hrr, 2940
W-h/kg 1440

a
U

U ~ ~~ Egjme Ct -tS•'pt.•I
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I Long Endurance Underwater Power System Quarterly Report
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2.4.6 AL-Carrier (Aluminum Carrier Battery)

2A 1+ 3/2(L- C)z-02 + 3H20--> 2AI(OH)3 + 3L- Co
AG' = -352 kcal
F = 2.55V

T"ieruidynamic energy density of Al for this reaction = 7.65 Wh/g or 20.6 Wh/ml

3 Design for IOW, 5 year System (438 kj hr.)
kg I

I Themi dynamic Requirenent 57 21
"Voltage Efficiency = 47%

Materials utilization efficiency = 80%
Actual requirement wiuhot punping 152

I Pumping Seawater 010%)
Extra amount required for pumping 16 16
Total requirement 168 62

* Current density I mA/cm 2, Al thickness 6.5 cm
interelectrode gap 0.5 cm (7.7% of Al) 5

Sub-total 168 67
Cell packaging 20%. of volumn with density of 1.5 20 13I •Gill 2 3

° Carrier Pump 4 2
* Seawater Pump 6 3

System Packaging 8
Total 200 %U

SWAg 2200
WM 4600

P ,
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Long Endwance Underwater Power System Quarterly Repon
Agiuanautics CogoIp tion July. 1989 through September. 1989

2.4.7 ALWATT (Aluminum Seawater Battery)

I 2AI + 6H20 --> 2AI(OH)3 + 3H2.
AG" = -203 kcal3 E = 1.47 IV

Thermodynamic energy density of Al = 4.4 Whg or 11.8 Wh/mi

I Design for 1OW, 5 year System (438 kWhr.)
kg3 Tivdyna•• i reuirement 99 37

Voltage Efficiency = 29%
Mat•rials utilization efficiency = 80%
Actual amount needed 426 159I Extra volume due to shunt potection 23 31
and packaging (5% of Al by weight, 20%
by wlume)

Whikg 9753 Wh/ 2300

Esummz tw smun

Page 16
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U 2.4.8 ALWATT-CFFC

Voltage Eff. Uilizatiot, Eff.
2AI + 6H 20 --> 2AI(OH) 3 + 3H 2  E" = 1.471 29% 80%
3H 2 +3/2(L-Co) 2 -02-->3H20+3L-Co E' = 1.08 56% 70%

From 1 g of Al. the following energy is derived for this system:

I 1.471 x 0.29 x 0.8 x 2.98 WhIg + 1.08 x 0.56 x 0.7 x 298 Wh/g
= 2.26 Wh/g (considering the two efficiencies)U

With efficiencies as 100%, the energy derived would be (1.471 + 1.08) x 2.98 %Vb/g
7.64 Wh/g

3 Design for lOW,,5 year Sytem (438 kWhr.)

ThenRMdynamic keqimrement kg I
Actual requimment 192 71
Add 10 fbwpumrping 19 7

Sub-total 211 78 -
Alwatt needed for packaging & shunt protection 11 16

I 222 -a
°Fuel Cell 3 2

Gill 2 3
Seawater pump 6 3

Career pump 4 2I System IL~ackag~e 10

S.230 115

3 Wh/g 1900

II

I

Egunwc or assuampws
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2. S Comparison of Weights and Volumes for a lOW, 5 year System

Figures 2.7 and 2.8 show the breakdown of volume and weight for the five systems
discussed ierc.

I
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3. WORK TOWARDS CARRIER FEED FUEL CELL

During this quarter the objectives of the research work on the ca- ier fed fuel cei wer! ;
primarily to improve the overall cell voltage with a final goal of 0.6 vits. The focus 6 Ki.
effort to improve the cell voltage was on improving anode and cazth¢de perfom1&i4n &dA
reducing ohmic losses. Experiments were carried out with touv differcnt ry-e¢. ofU membrane and electrode assemblies to improve the anode perfrmamme anO tv reduce the
ohmic losses through the membrane electrode interface. While almost all experiments used
the 23 Suzy P carrier at pH 7, one experiment was performed with 22 Suzy P carrier and

fthe aH vcari" frew 7 t- a Improvement in the cathode performance resulted from tlhe uneof a catalyzed felt

Membrane and Electrode Assemblies

The membrane and electrode assemblies from Giner Incorporated which were tested this
quarter differed from the previous assemblies from Giner in three respects: the membrane
material was changed form, RAI to Nafio,, the bonding betwe'n the membrane and the
anodic electrode was improved, and the loading of the platinum catalyst was increased. In
addition one membrane and electrode assembly from Elcctrochem hIcorporated was wste.

The new membrane and electrode assemblies from Giner performed quite differently from
the assemblies previously obtained from Giner as shown i the following table.

Comparison of pcrfozmaw= of Grillr Membram and Elc"M A~emblies

Experiment 2AM4 2AM 1I
IMemx-ane RAI Nafion
Electrode Platinum Loaiding ( mg/cm 2 ) 4 20
Current Density (mA/cm') 10 10
Cell1 Voltage 0.17 0.21
Aixnde - H2 Ref. 0.25 0.01
Cathode - H2 Ref. 0.42 0.22
Ohnmi Loss 0.10 ().02I

As can be seen there were marked reductions in the anode polarization and in the ohmic
losses. We believe that both of these improvements are due primarily to the improved
bonding of the membrane to the electrode. Giner has had a grea! deal of experience with
Nafion membranes and relative little with RAI and as a result can fabricate much better
assemmbies with the forner membrane. There is little reason to believe that the difference in
penrfumame can be attributed to the membrane type alone so we are contemplatingU expennmens with WAl mncbrane and electrode assemblies with inproved bonding.

Although the anode and ohmic losses were much reduced the cell voltage showed littleI imTrovement due to the increase in cathodic losses. We believe that the inc-tase in these
k-sses can in part be attributod to aq imcirise in the pH gradient across the rniebraneb The
pH gradient is in pan a function of the membrane which justifies continued experimental
work with diffeirent mmbranes.
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Experiments were also carried out on Giner membrane and electode assemblies with 4
mg/cm 2 platinum loading. In these experiments the anode and cell performanc were not as
good as with the higher platinum loading.

The first of a series of membrane and electrode assemblies from Elec,,ochem was tested
this quarter. This assembly using the "standard" Electrochem hydrogen anode achieved
cell voltages better than the 4 mg/cm 2 platinum loading Giner elecwxle though not as good
as the 20 mg/cm 2. Other as yet untested membrane and electrode assemblies from
Electrochem include higher catalyst loading,• and may show better perfo•iance.

Carrier and pH Variation

One experiment was done this quarter using the 22 Suzy P carrier. The 23 Suzy P carrier
had become the standard for experiments since it has the best performance and life time of
any carrier tested thus far. The 22 Suzy P ws run again however, because previous
titration experiments have shown that this carrier binds oxygen at a lower pH than does 23.
It was hoped that reducing the carrier pH would reduce the pH gradient in the cell and
increase the cell voltage and although in principle this should work the experiment using
this particular combination of cell components and carrier showed only a slight
improvement in cell voltage.

Catalyzed Felt

The biggest improvement in cell voltage this quarter came from the use of a felt with a
surface catalyst bound to it provided by Alupower. The catalyst facilitates the reduction of
oxygen at the cathode and improved the cathode voltage by 0.09 volts to give a&- 4,nitial cell
voltage of 0.3 volts. The use of catalyzed felt will be the new experin'.•ntal standard.
Additional catalysts for oxygen rduction arc known and will be examined first with cyclic
voltanumetry and then, if they show promise, in a complete fuel cell.

2I
I

I
I
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4. WORK TOWARDS AL-CARRIER BATTERY

i This quarter several experiments were done with the aim of establishing the feasibility of
building a liquid feed aluminum oxygen battery. Experiments were done using seawater
and thuee different oxygen carnr..rs as catholytes.

Aluminum/Dissolved Oxygen System

The aluminum dissolved oxygen system uses seawater to carry dissolved oxygen to the
fuel cell where it is reduced. The concentration of dissolved oxygen in seawater is so low
that the seawater must flow at a high rate in order to achieve a reasonable cell current
density. Experiments were done this quarter which examined the performance of a
seawater fed aluminum fuel ceH. Experiments at high flow rats ( 120 ml/min through a 25
cm2 cell ) showed cell voltages of ov-r one volt at current densities of one to two milliamps
per square centimeter. At flow rates of 4 ml/mr'n through the same cell the seawater could
not provide enough dissolved oxygen to maintain a positive output voltage at a current
density of one m cmr2 even when the felt treated with the oxygen catalyst was used.

Aluminum/Carrier Experiments

Oxygen carrier solutions can carry nearly two orders of magnitude more oxygen in the
same volume of fluid than can seawater and so should be able to maintain reasonable cell
current densities at very low flow rates. Carrier run through exacdy the same system as
was the seawater in the above discussion produced a cell ,itput in excess of one volt at a
carrier flow rate of 4 ml/minute.

One of the concems about the aluminum carrier cell is that the carner must withstand a pH
as high as 12.5 since the reduction of oxyget, creates OH- ions which flow from the
cathode to the anode only due to their concentration gr-dient. Three figands were used to
make carrier solutions for use in this system: tetren, crude Suzy and 23 Suzy P. The first
two of these were examined because they were thought to be nwaie suitable for use at high
pH. ho;1i.'ýv-r the performance of 23 Suzy P. which in the past has proven to be a more
stable compound., was !fzundi to be comparable to the perfotmance of the others.
Experiments were run with the intention of examining the carrer degrmda-ion over rime. It.
was found that the experimental cell design was poorly suited to the aluminum seawater
# ode aid the cell voltage declined due to clogging of the anrlyie sewater flow path with
precipitates and the formation of internal cells between the aluminum and the titanium
current collector. The carrier sumved three cell rebuilds over a week of neawly Lontinuous
operation with only very little degradation in performance before the expenmem was
atandoned. We plan to redesign the anode side of the cell and repeat these experumets in
order to obtain • teingful data about the catiei life-m in this system
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5. ALWATT BA'TERY

":i The ALWA1I battery in the ALWA'T-CFFC cherne is not only the source of hydrogen,
it also produces power. It was calculated based on the energy densities and hydrogen
generation chiractenstics thiat about 20.25% of gross power will be generated by the
ALWATT battery. Aquanautics recently a-ked Alupower to model the ALWAT" design to
minimize the volume needed and maximize the power generated for a given hydrogen
requirement Their report is attached as Apperdix 1.

I" The study shows 'hzt t•' ALWAT" cell can be re-designed to ob~ain 1700 W!hA and 700
Whlkg with 5-W fuel utilization. Alupower recently informed us that they have recently
developed an alununum alloy with 80% fuel utilization

As a result of these developments, the ALWATT battery would generate approximately
45% of the gross power and the CFTC would produce the rest. The tnergy densities for
-t ALWATT are zm wulated on the bams of new utilizanon effaieacy in Section 2.

Note a!'o that the projected ALWAT- baniery emergy density is about four timns that of the
htlium thionyl ch!orid battery and is muzh sades oo handle.
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6. WORK TOWARDS CARRIER

Summary

EOC experiments using compound 72 showed that lifetime was related to the concentration
of free oxygen dissolved in the carrier. The bound oxygen is not responsible for the
degradation. Since the free oxygen conc-.nrration cannot be higher than that in seawater for
the gill. the irnpk,:ution is therefore that undz,-ater operation favors the carrier lifedme.

Voltamrnetrv studies with compound 64 show satisfactory operaton with sulfate and
fluoride as the counter ions. These ions are more compatible with the anode of the fuel
cell. Perchlorate. hnwever. causes polymerization. Static lifetime tests on some
tetadenuine polyalkylamines have shown lifetimes of greater tian two months.

6.1 Experimentals

S6. 1.1 The EOCs were configured to operate with pure oxygen unloading while two small
systems were maintained with air sweep unloading for initial screening purposes Two
parallel expenmen. w-"re camed out using a single batch of com-pound 72 with NDAMF
added as mediator Both expen'nents gave >90% pure oxygen at about 160 watts per liter
per minute for 12 days. Both solutions failed as judged by the electron count values at
fourteen days (pI=7 ). These results confirm a previous expenment %4th Compound 72
,which was run in the pure oxygen unload mo-.de. The EOC was reconst-ucted to minimize
the volume of carner in the unloading section between the anode outlet and the cathode inlet
and another batch of compoumd 72 was prep-ared. A power increase at thnrty-three days
occurred despive adju-stment of the pH .•-- iS thus due to final fa'lure of the carrier In the
previous quarterly report the lifetime of compound 72 was reported to be six weeks while
the oxygen is swept from the unloader by an eirstreain The trend is thus unmistakable that
the longer the releasd oxygen is allowed to remain in contact with the carrier the more
rapid is the degradation Now the binding constant of compound 72 is such that the carrier
should be fully saturatcd with oxygen u-nder air Thus, if the hou-nd oxygen is msponsible
f(or the degrdaticv., why should there be a dependence upon the cvner contact tpme with
high purity oxygen' The imphlaltton is tw-refore clear that a sccond oxygen molecule
w1ich is free in schuuon is resrk--twe for the egradation

In the power sysfste ms under con-sukratuon. no releawe of oxygen is envisvoned Thus theI free oxygen corf-enattion in the caraer will nm exceed that in sear.ater If the trrnerible
reaction of, camer wit', oxygen depends on the corentrruon of free oxygen then the fuel
1=1l syem cremms a favorabe aituatlo for the Crrter iifetunc.

6 1 2 Cycthc viALunmti.v of cvqt"uNd 64 uas caried omt using prchlaote. fluo•rde -rid
sulfate as the c mwnter xn Both fluoride and iulfre gpve satitsfactor results Indecd t0h
"use of sulfate gaive clkua evde nce in the vohtantrrm, of the relase of CofIl 1 The ue oef
per hk.e prew-en te no dfficul,,.ý whiie oxygen was eXcludhW anM a norrnal v,•Tmetrw--
rtsponse wa; obserbcd As s5m01 a5 oxygen was intr01•L•lc, ho••eer, a brown pe•icpipate
fomnnd edtaswly and ft ekecnode was• pawivated

6 1 3 Static lifetirm tests were carried out on compoiunds 244. 245 and 2-,. Each
solution was prepared as a 0 5 mM solution and thoroughly saturate with air by an
austrarM Tbe UVNIbSthe spectrnm was tiva t.reore-d at nte-,tals un•l the chrge tarsfer
band no oe d time E-h, sohlut -as stored m aggdcaatd flask open to
the air arid was vigonusiy shaken before' each ne.asuretrent Therm ame two Was to the3 pro.ess- 11e fir pant is ctwy mass transport controlled by the avamtuttty of oxygcn
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while the second part corresponds to an adequate supply of oxygen since the concentration
"of :amer has declined below the level where it can consume all of the available oxygen.
The implication once again is that a second oxygen molecule is responsible for the-- degradation.

6.2 Workplan for Next Quarter

6.2.1 Test low pH unload concept. Examine several carriers for acid-base behavior.
Ehminate carriers which react slowly t,. the addition of acid to the solution. Obtain
electrodes coated with Nafion and bonded to a Nation membrane with a hydrogen anode
bonded to ihe other side. Test these electrodes with the carriers which rapidly release

"3 oxygen with addition of acid. Test uncatalyzed and c- alyzed Nation coated electrodes.

6.3.2 Develop quantitative methods using Rotating Ring Disk Electrode Voltammetry
(RRDEV) to examý ie carrier behavior at the electrode. Use the methods to study at least
five different famin les of carrier and correlate the observed behavior with tests in the fuel
cell rigs. The behavior will be swudied as a function of pH (low pH for CFFC and high pH
for AL-Carrier). Choose best carrier families for each application.

1 6.3.3 Develop lifetime testing for carrier screening. This involves static-lifetime EOC
testing and fuel cell testing in conjunction with RRDEV data from 6.3.2.

II
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7. GILL

7. 1 Introduction

This report describes testing performed on a rectangular gill cartridge fabricated for
Aquanautics by Applied Membrane Technology (AMT) of Minnetonka MN. Details of the
gill cartridge fabrication are presented in a report submitted by AMT which is attached as
Appendix 2. The gill cartridge was intended to test the viability of using a membrane
loader to transfer oxygen from seawater to carrier in a~i underwater power source
employing Aquanautics propnetary oxygen carrier technolugy. The gill cartridge was
fabricated according to specificatioss that wrce defined at Aquanautics after a gill power-
volume model had been developed and studied. Results of the gill power-volume
relationship are included in the Quarterly Report for the quarter spanning the months of
April to June 1989.

Testing of the gill membranes was performed during the period oi September 3 to
September 15. 1989. Most of the testing was preliminary and intended to verify the gill
power-volume model. This report shall, therefore, include not only the results of the gill
testing, but shall also include a comparison of the experimental results with the predictions
of ik model.

7.2 Background

The work described in this report was performed as part of the DARPA contract to
investigate the use of Aquanautics' proprietary oxygen carriers in producing power
undersea. In the systems being investigated the oxygen dissolved in seawater is extracted
by the carrier. transported to a fuel cell and consumed in a reaction with a fuel producing
electrical energy The fuel can either be hydrogen produced by an alunrinum cm-wrsion cel
or aluminum itself. In both cases the carrier containing bound oxygen is fed dizectly to the
cathode of the fuel cell where the bound oxygen is reduced. The gill is the location at
which the oxygen transpor from seawater to carrier takes pla=e.

A major pamsitic loss in the system described in the preceding paragraph is attributable to
the power requircd to pump seawater thrugh the gill. The pumping power for seawater
flow through the gill is a function of the gill size Wd configuration as well as the flux of
oxygen required to produce the specified output power. The model derived to analyze the
gill consisted of two equations, one describing the power as a function of the gill volume
and the second expressing oxygen flux as a function of gill volute. These equations are
Samenable to use for optimizing the gill volume as described in the Quarterly Report for the
penod April-Junc 1989.

The gill configuration chosen for this purpose consists of a rectangAlar bed of hollow fibers
where the carner flows inside the fiber lumen and seawater across the outsaie of the fibers
in a direction perpendicular to the plane of the fiber bed. This configuration has been
shown to offer nmximum mass transpor with minimal losses due to drag 2. Accordingly.
AMIT was requested to fabricate eight ca.nndges for testing at Aquanautics. Four of these
catr"idges were to be constructed of micioporous hollow fiber membranes, while the other
four membranes were to be construrted of mnicioporous fiters coated with AMT's
proprietary oxygen pernmeablC solid Iayer Each type of membrane cartridge was to be
constructcd in two confiurattons. one with an inter-fiber spacing factor of2.5 and the

S2Y~aa. ?1PC, a2d Cus.cs. E L. "l6agmag Roilo--Fu" Coatoi." AJCtE J. I I986)
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other configuration involving a factor of 1.5. Thie inter-fiber spacing factor refers to the
ratio of the center-to-center distance between the fibers to the outer diameter of the fibers
The testing reported on here involves cartridges that were made from plain micrtiporous
hollow fibers with an inter-fiber spacing factor of 25.3

7.3 Ezperimental Setup

Figure 7.1 shows the sc~irimic of the experimental setup used for testing oxygen flux
through the gill cartridges. The gill cartridge consisting of a rectangular fiber bed made
from inicroporous hollow fiber membrane was housed in a flow box which had an entry
port and an exit port on either side of gill. Figure 7.2 depicts the design of the flow box
used for the gill cartridge. The flow box was connected to a pump which pumped artificial
seawater from a tank equipped with a chiller and an aerator to maintain temperature and the
oxygen content of the seawater respectively. The gill cartridge was swept with nitrogen
gas on the inside of the fiber lumen in these preliminary experiments. It is expected that
carrier will be used in later experiments,

Alf Trapm~c

CoMAM Loop for St
Tamp tC4*uol ain

Figure 7.1 Schematic of Experimental Setup.

The oxygen~ content of the seawater entering the flow box and leaving it was measured
using Clarke-type probes manufactured by Yellow Springs Instruments (YSI). Two
probes were used before the gill apd three after the gill to ensure redundancy in case of
prube faily re The flow r'stc of seawater was measureA using a rowne m. with a range of 0-
4 gpmn 9Mw ra-te of se'iwater could be varied by using a system of .idves with u bypass
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arrangement or by adjusting the speed of the pump. Nitrogen from a pressurized tank was
fed to a flow controller through a pressure regulator and then to the gill carridge through a
rotameter. The rotameter was used only to set the flow rate of the nitrogen. The oxygen-enriched sweep gas exiting the gill cartridge was passed throgh a Teledyne probe and a

hot wire anemometer to measure the oxygen content and the flow rate respectively. The
seawater pressure drop across the gill cartridge was measured using differential pressure
sensors from Omega Instruments. The pressure difference was nmeasured at two points,
namely at half and quarter height of the gill as shown in Figure 7.2.

SDiffeni Pressure Sensors

I -I" "]Felts for Uniformn

FlwDistribution

U Seawater Seawater
Inlet port Outlet port

3 Proective Screen Gill Hollow Fibers

Figure 7.2 Design of Flow Box for Gill CAtridge Testing.

Data from the YSI probes were acquired using an eight-channel data acquisition system
connected to ar. IBM XT computer, while another system was dedicated to the nitrogen
sweep gas measurements and the pressure drop data.

7.4 Procedure

I Thexperimental system depicted in Figure 7.1 was assembled and seawater flow from the
"seawater tank started. The seawater tank was sparged with either air or the appropriate
mixture of air and nitrogen to simulate 100% saturated and unsaturated seawater
respectively. The nitrogen flow was turned on and set at 500 ml/min using the rotanxter
and flow controller. Data acquisition was started with the seawater flow set at the lowest
value and data taken until appoxinately 1 5 minutes of steady state operation was realized.
Data points were recorded every three nunutes and them-fore data was acquired until five
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consecutive data points showed less than 10% deviation. The seawater flow rate was then
1 stepped up to its next higher value and the experiment repeated.

Three sets of experiments were performed, with seawater conditions being the only
parameter that was changed. The seawater conditions for the three sets of experiments
were as follows:

1) Temperature = 3 C; Initial Oxygen concentration = 6.8 mIi,
2) Temperature = 8 C; Initial Oxygen concentration = I ml/l, and
3) Temperature = 8 C; Initial Oxygen concentration = 5.8 Ma.

The first and last experiments were performed with air saturated seawater and the OxygenI concentration values shown above correspond to saturation at the respective temperatures.
In the second experiment, a mixture with a 1:6 volume ratio of air to nitrogen was sparged
through the seawater tank to achieve the 1 mWll concentration.

The nitrogen flow rate was not expected to affect the mass transport of oxygen since the
boundary layer on the seawater side controls the flux rate. This was checked by running
the nitrogen at 800 mi/min for a couple of data points and comparing the oxygen flux with
that realized at a nitrogen flow of 500 ml/min, all other conditions remaining constant. No
difference was seen and the experiments were all performed with the nitrogen flow rate set
at 500 mI/min.

Prior to each experiment, the YSI probes were calibrated using a two point calibration
method. The seawater was saturated with air at the operating conditions and the gain on the
signal amplifier adjusted so that the output from the amplifier for each of the probes was I
V. The seawater was then sparged with nitrogen to get a "dark current" reading on the
different probes. The actual experiment was conducted only after the YSI probes were thus
calibrated. The gill remained inactive during the calibration to ensure that thr probes
upstream and downstream of the gill flow box were subject to the same seawater oxygenconcentrations.

1 7.5 Results

The results of the various experiments are presented in the form of two types of plots. The
first plot graphs oxygen flux as a function of the seawater flow rate, while the second plots
seawater pumping power as a function of seawater flow rate. Plots were woi-ed out for all
:hie. expe'-uents and are presented as Figures 7.3 through 7.8. Data analysis was done
using the Excel spreadsheet program on an IBM compatible computer -w.d utsported to a
MALcintosh for rcsentation.

The seawater flow oates were o•mained from the rotameter that was placed in the seawater
loop prior to the flow box. The oxygen flux was calculted using two methods. The first
entailed using data from the YSI probes to calculate the oxygen content of the water
entering and leaving the gill flow box. The oxygen content of the seawater at any probe
was calculated by using the expression.

i FEi - Ed

Ci Ea -Ed SOPge2
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where, Ci is the concentation of dissolved oxygen in seawater at the probe i
(standard miA),
SEjis the reading of probe i (V),

Ed is the "dark current" reading of probe i obtained during
calibration (V),
Ea is the reading of the robe i in air saturated -twaer (V), and
So is the solubility of oxygen in seawater at the operating
tempewure (standard MIA).

The oxygen conc ntrations calculated from probe readings before and after the flow box
were averaged and the oxygen flux acmss the membrane calculated using the expression3 shown in Equation 7.2.

N = (Csi-Cso) Q (7.2)

where, Csi is the oxygen concentration of seawater entering the flow box
(standard mill),
Cso is the oxygen concentration of seawater leaving the flow box
(standard n-dA).
Q is the flow rate of seawater through the gill box (us), andN is the oxygen flux rate (standard ml/s).

The oxygen flux was also calculated fom mneasurements made at the nitrogen sweep outlet.
The value of the oxygen flux from the nitrogen sweep side was calculated using the3 expression given in Equation 7.3.

N = Qs po (7.3)

3 where, Qs is the flow rate of the sweep gas (standardi mnls),
po is the partial pressure of oxygen in the exiting sweep gas (aim).
and3 N is the oxygen flux rate (standard mi/s).

The flow rate of the sweep gas was measured using a gas flowmeter from Onxega
Instruments that is based on the hot wire anemometer principle, while the oxygen content
of the sweep gas was measured by a Teledyne oxygen probe.

The pressure drop across the gill cartridge was measured at two points using differential
pressure transducers. The readings were averaged and the power to pump seawater
calculatd from this average value using Equaton 7.4.

P = A Q (7.4)

where, P is the power to pump =sewater (W),
An is !he pressum drop ac'rs the gill cwtrdge (W 2). UW
Q is the seawa=er flow rawe (m3/s).
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Tcstft of Aqjqs.NC-2 with N2 Scrippft

Oxygen R~ ul s Sieawac Fow Rate (IKM9)
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Iftm YSI prbes 0firomTeledyit

Figure 7.3 Oxygen Flux vs Seawater Flow Rate in I1KS96.

Tevx% of Aqugas.NC-2 %%-h N2 Szri4n

Sciamm" Pu~mpin lb~ vs How Rate (1KS96)
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Seawv"e Flow R"z mA~

Figure 7.4 Seawater Pumiping Power vs Seawater Flow Rate in I KS96.

Figures 7.3 and 7.4 refer to the first experiment fisted in the preceding section (I KS96).
Figures 7.5 and 7.6 are for the second expetiment (I KS98). and Figures 7.7 and 7.8 are
for the las experiment (2KS02).
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Testing of Aquqws.NC2 with N2 Sznp~n
Oxypsm Flu vs Seavivaz Row Rue (IKS98)
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Figure 7.5 Oxygen Flux vs Seawater Flow Rate in I1KS98.

Testng of AquagasNC-2 with N2 -'Ztnp~g
Seawacx Puam~~q Pow-a vs Row Rate (I1KS98)
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Figure 7,6 Seawater Pum-ping, Pau=r vs Seawater Flow Rate in I KS98.
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Tes2i4 of Aquagas-NC-2 ,itb N2 Rijq
Ozygan Flux vs Seawar Rlow Roe (2KS02)
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Figure 7.7 Oxygen Flux vs Seawater Flow Rate in 2KS02.
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Figurc 7.8 Seawater Pumping Poumr vs Seawawe Flow Rate in 2KS02-

7.6 Discussion

7.6.1 Oxygen Flux

The maximum oxygen flux was se in thexperent designated IKS96. Oxygen flux
rates of 8.5 mflin weir noticed in this expement, it is also obvious from Figure 7.3 thma
"the sypem mass balance was well established in this experiment, i.e., the oxygen flux
shobrn by the Telcdyne probe mawhes that calculated from YSI probe adings. This
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agreement extends to all seawater flow rates investigated. The seawater temperature in this
experiment was 3 C and the oxygen concentration under conditions of air saturation was
calculated to be 6.8 standard mill for seawater.

The second experiment, namely 1KS98, was conducted with seawater at 8 C and the
oxygen concentration at about I standard ml/l. The oxygen flux noticed from this
experiment proved to be much smaller than those obtained in lKS96 as is obvious from
Figure 7.5. In this instance there was no agreement between oxygen flux values cakulated
from the seawater and nitrogen loops. The Teledyne probes showed that the oxygen flux
rate reached an asymptotic maximum at a seawater flow rate of 2 /mrin. The YSI probes,
however showed that the oxygen flux increased gradually as the flow rates were increased.
The Teledyne probes showed a maximum flux of about I standard mnl/min, while the YSI
probes showed a flux of appoximateiy 0.6 startrd mi/min at the maximum scawatc: f-2,
rate.

The last experiment. namely 2KS02 was conducted with an oxygen concentration of aboutS53.8 standard ml/l and a seawater temperature of about 8 C. The agreement between

oxygen flux values calculated from the Teledyne probe and the YSI probes was found to be
better than in the case of iKS98. The YSI probes, however, showed larger fluxes at

II higher seawater flow rates while the convere was true at the lower values of the seawater
flow rate. A maximum flux of 3.3 standard mi/mn was measured by the YSI probes.
while the Teledyne probes yielded a maximum flux of 2.4 standard ml/min.

The difference between the YSI probe and Teledyne probe readings in IKS98 could be
attributed to lack of resolution of the Teledyne probes. The high nitrogen sweep rates
meant that the oxygen content of the exiting sweep was very low and this was esr--:ly
true in the case of the low seawater oxygen concentration;. This meant that the Teledyne
probes were always operating at the low end of their range and were therefore subject to
errors.

The second point of importance is the seeming degradation of membrane performance
between I KS96 and 2KS02. Even 81lowing for the slightly lower oxygen concentration in
the latter experiment, the degradation in oxygen flux cannot be explained. The higher
temperature in 2KS02 should help the oxygen flux becaus of the higher oxygen diffusivity
assocated with higher temperatures.

7.6.2 Seawater Pumping Power

SThe seawater pumping power in the first two exotriments (Figures 7.4 and 7.6) was
measured to be in the milliwatt range. The pressure drop aymss the membrare cartridge
was found to be very low and of the order of hundreds of Pascals (N/m2). The power was
seen to increas as a functon of the seawater flow rate, though the data was not considered
reliable due to inaccuracies in the differential pressure sensor. The sensors used in this
experiment tad a range of 5 psi (34,000 /nm2) and were tt .i-re operating in the bottom
1 % of their range. The readings from the transducers were not conuiered reliable for this
reason. In the last experiment (2KS02; refer to Figure 7.8) the sea-water flow rate wa,.
incTeased sufficiently for the pu'mping power to exceed 75 milliwaits. TIe results from
2KS02 show that the pcer does not increase linearly with flow rate but that it is a higher
oIe paynoro function of the flow rate, as expected.
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7.6.3 Comparison With Model Predictions

" The data acquired from I KS96 is compared with the predictions of the gill power-volume
model in Figures 7.9 and 7.10. In Figure 7.9 the measured oxygrn flux is compared with
the predictions of the model, while Figure 7.10 compares the seawater pumping power
measured with the simulated values.

Ali n Mane Simraio. (I W2)
Oxygen Flux vs. Seawe, Flow Raie

3 ~ ~0-000001 - - - - -00.O0000011 -
I 0. 00000"
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Figure 7.9 Comparison of Measured Oxygen Flux with Prcdwtions.
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Figure 7. 10 Compipnon of Measured Seawater Pumping Power with Prmeictons.
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The predicted values were obtained by using the equations for pumping power and oxygen
flux that have been developed for rectangular fiber beds. These equations are shown below
and details of their derivation are available from the quarterly report for April-June 1989.
The equations3 derived in that report were modified for the gill fiber weaving3 configuration, which in the case of the cartridges tesd here was unidirectional.

p3 V2 p k2 7_1 [j 1 [D]0.2 [In Csi 1.2
Q31 2 p= 13.5093 ( ) LJ ý I' Csi - N/QJ (7.5)

[i __, 
D2 V 2 1 ]1/3

~Csi- NIQ]= 4.33,54 5 (-1) d[5 Q2 (6)

The values of the terms P (pumping power) and N (oxygen flux) were obtained by solving
equations 7.5 and 7.6 respectively and were plotted as a function of Q (seawater flow rate)3 for the cartridge which was tested.

It :--- be seen from Figure 7.9 that the oxygen flux obtained in the experiment was well
below the value predicted by the model. The power, however was also lower than that
predicted as sihown in Figure 7.10 leading to the possibility that the flux could be improved
by increasbig the flow rate and expending more power on the pumping.

7.6.4 Problems Encountered in Experiments

3 The experiments conducted had two souWCs (t pof '1'Ci.D. 7

1) insufficient pumping cap=ity, and3 2) Leaking cartridges.

The pump available for the experiment could only discharge up to 4 gpm of seawater into
the experimental setup and therefore flux data could not be acquired at flow rates
sufficiently large to cause expenditure of measurable quantities of pumping power.
Therefore all measurements were made at the lower end of the pumping power spectrum.A Lurger pump capable of greater discharge is nev.,esy to investigate fluxes at higher flow

rates. At the highest flow rate, namely 4 gpm the velocity of seawater through the gill was
only 2.8 cfifs and higher flow rates will be necessary to achieve higher flux rates.
The second problem, namely leaks in it-e crtridge could have led to a further impedance to
oxygen flux across the membrane. Water collecting inside the fiber lumen can block off aU lot of individmual fib•rs causing all nitrogen sweep to flow through only a fraction of the
fibers, This &creas-s the area of the membrane available for mass transport and could
-have affected the fl-ut NMeover the liquid on the inside of the fibers can form a relatively
oxygen-impermeable la)yr causing lowered flux ,,tes.

3 7.7 Conclusions

The following corwluqons were drawn fron• the gil n tesig %rk described har:

3 1) The oxygen P 4. forn eawa=,r to the nitrogen sweep is a function of the
seawater flou -te The flux values noticed in the first experimant (IKS96)

3 ~X3A~uza1cs mx-n-enL 1kr x -tv (Fýa ON) TechxicO Rcpf-_- Sacuto 2 (1969)
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were not obtained again when similar conditions were used again (2KS02).
The oxygen flux values seen in the experiment with low initial oxygen

Sconcentrations (1 KS98) were disappointing, and could have been affected by
the entry of water into the fiber lumen, as well as the inability to pump larger
quantities of seawater through the gill.

2) The performance of the membranes could have been affectd by the water
leaking into the cartridge. The cartridges shall be sent back to their fabixcators3 for repair and tested again after their return.

3) The model over-predicted the oxygen fluxes that were obtained, while the
seawater pumping power was less than that lredicted by the gill model Themodel shall be compared with data obtained from non-leaking gill carridges for
a mor complete analysis.

4) The pump attached to the test setup was not powerful enough to produce flow
rates in excess of 4 gpm of seawater. A new and more powerful pimp shall be
arranged to facilitate faster flow rates and investigation of the oxygen flux aw
higher pumping powers.

5) The gill design goal for the demonstration unit is 31 of volume for a 42 ml/nmn
flux from a concentration of I ml/l with a power consumption of 0.25 W. The
best performance obtained with the gill cartridge that was tested was a flux of
8.5 ml from a concentration of 6-8 mli/ with a gill vviume of 0.57 1 using a
pui ,ing power of 0.005 W.

7.3 Work Planned for Next Quarter

i -The experimental setup shall be fitted with a bigger pump in an effort to increase the
seawater flow rate and experiments repeated with all the crtridges tht• are being fabncated
for this pi-Ojct. Thus shall include the coated cartridges that have been recntaly delivered as
uwll as the iarc.ted cartridges after the leaks have been repiired.

In additon t testing, the camridges that were determnid to leak sh"l tk v : bhck to AMT3I for repairs and mtested upon their return.

IP
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I

EXECUTIVE SUMMARY

This report is a study of the following two topics:

(i) Comparison of Hydrogen Storage/on-line Generation
Methods (Section-I),

(ii) ALWATT hlydrogen Geternt or Power Sludy (section- I. I

The first one was to n.csess the techlnoeconr.mics of varioias
mrthods of hydrogen sutpply for thhe Aqinsiut. ics underwater SPE
fuel cell. The second study was to optimize an ALWATT cell
that is capable of providing 25 watts and 696 ml/min of
hydrogen for one year for the 100W fuel cell system. The study
was carried out as per guidelines from Dr. 3am Hohanta.

SECTION-I: The hydrogen storage/on-line generation options are
examined. These include: (i) Compressed gas storage, (ii)
Liquid hydrogen atorage, (iii) Metal hydrides jiv) Methanol
reformer, (v) Aluminum corrosion snd (vi) ALWATT cell. Of
these, methods (i) to (iv) are capital intensive because of
pressure-hull requirement and hence, are not preferred. OtherIm-- •i reasons for excluding these include volumtric inefficiency

(compressed gam), safety (liquid hydrogen) and additional
energy requirements (methanol reformer, FeTiHa ). Calcium
hydride (Cal2), aluminum corrosion and ALWATT are on-line

-I generation methods and do not require a pressure-hull because
of the open nature of the system. The cost/kg of hydrogen from
these methods are of the following order: CalH > ALWATT >
Aluminum corrosion Am-ng the last two, ALWATT is rureferred
because it is the only method that provides hydrogen andsupplemental electric power.

SECTION-I1: The power study has resulted in the mization of
ALWATT cell with reppect to volume and weight. The results are
presented in the form of 'watts/unit volume' and 'watts/unit
weight' that are scalable to Aquansutics power requirements of
present and future needs. Maximum power density is sensitive
to cell volume. Specifically, an ALWATT cell capable of
delivering 25 watts along with 696 ml/tsinute of hydrogen is
modeled. Cells with about I cm aluminum anodes and 0.1 cm gap
operating at 0.6 mA/cm2 have maximum volumetric power density.
Details of the analysis is presented in section-Il. Optimal
power and energy densities of ALWATT cell and battery are
presented in Table-i.
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UI COMPARISON OF IlYDtWO;FN STORAGF/ON-LINE GENERATION
METHODS FUR AQUANAUTICS FUEL CELL

Shailesh A. Shah and P.M. L. Rao
Alul'ower Inc. ,

6 Claremont Road, Bernardsville, NJ. 07924, U.S.A

1. INTRODUCTION

I Variouts types of hydrogen/oxygen fuel cells nre used iii
torrestrial and space applications Ill. Oxygen is either
derived from air or supplied from a cryogenic storage tank.
Recently, Aquanautics has developed an artificial gill that
concentrates the dissolved oxygen from seawater and has
proposed its use in a hydrogen-oxygen fuel cell for underwater
application. This article addresses the cost. of hydrogen
supply for Aquanautics fuel c-ll.

A number of options exist for the hydrogen supply (2). They
are: Mi) Compressed gas, (ii) Liquid hydrogen, (iii) Metal
hydride, (iv) Methanol reformer, (v) Aluminum corrosion and
(vi) ALWATT I" hydrogen generator. The first three methods
provide stored hydrogen and the last three i-elate to on-line
generation of the fuel. Of these, the ALWATT hydrogen
generator is new (3). It provides not only the required
hydrogen but also generates electricity to supplement the
total electrical output of the fuel cell power plant.

The cost of any of the above methods of storage/on-line
generation of hydrogen depends on: ii) The hydrogen production
rate, (ii) The service conditions - i.e., operating depth,
temperature and Iiii) The duration of service. The
technoeconomics of hydrogen production for undersea
applications are different from those for terrestrial
applications because of the special requirements iaposed by
operating depth (pressure hull) and safety considerations.

II. OBJECTIVE

The objective of this report is to evalmute the relative
merik, of hydrogen storage/on-line aeneration methods for a
75W, I year-service Aquanautics hlydrolge,-oxygen fuel cell for
deep ocean application. Specificnlly, it is intended to
evaluate tbe advantages of the ALWATT hydrogen generator over
other sethodj.
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II.I APPROACH

As indicated in section-II, the cost of hydrogen for the
Aquanautics fuel cell is influenced by the operating
conditions (i.e., ocean depth) and service duration. In this
paper, we compare the unit cost- of hydrogen by different
methods, identify the pressure-hull requirements, if any, and
comment on the preferred method for the Aquanautics SPE fuel
cell.

IV. BACKGROUND

(a) Hydroaen reguirement for Aq anaitics fuel cell:

One mole of hydrogen produces 53.6 ampere-hours (AH) of
electricity at 10 efficiency and this translates to
26.8kAH/kg and 2.4AH/liter (STP). Aquanautics has defined a
hydrogen requirement of 696 ml/min (STP) for a 75 watt,
one-year service fuel cell. Thus, the total annual hydrogen
requirement for the fuel cell is about 366ki or 32.Tkg(STP).

(b) Descrivtign of hydrofen Storage/aeneration schemes:

The following methods were considered for hydrogen delivery to
the fuel cell:

A:L Hy!roen storafe rsh.
(i) Compressed gas

(ii) Cryogenic storage
(iii) Metal Hydride Storage

B: On-line £engration methods:
(iv) Methanol reformer

(v) Aluminum corrosion
(vi) ALWATT cell

Details of the above hydrogen storage/on-line generation
methods are provided in Appendix-i. Ammonia and hydrazine
baaed methods of hydrogen generation were not considered
because of corrosion and catalyst poison problems.

V. ANALYSIS

(S) Conditions of copparisofn and fckr t of results:

Comparison of different techniques (Tnble-2,3) for the storage
and/or on-line generation and delivery of 696 ml/min ISTP) of
hydrogen for I year in made at an ocean depth of 0-10.000
meters. For each of the schemes, the following comparisons
a re made:



I i) Tile relnt ive hydrostelrr' co~ nt q on n weight. as well
ns volume basis. l hoqe valueq excldide the icelght and3 volume of the pressure lhill, where needed.

(ii) The issue, whet.1ter n pressure-huil would be
I required or not is addressed.

(i i i) The reIntivo cosqts of the di ;rerent schemes for
tihe stornge/genelernt ion of IhydroRge, nre Ienur-e•.edd. Th-e
costs exclude pressutre-hullI cost.

We submit that the preszure-htilI weig!it , volume and cost are
marine structural engineering issues and should be addressed
separately.

- VI. RESULTS AND CONCLUSIONS

Table-2 gives a comparison of volu-ae and weight requirements
for hydrogen storage/generation 7-l1ernatives. The values refer3-- to storage on land and exclude pr-assurt0 hull contributions.

W-L}Relative rankinK of methods of hy.1-ron
.tormtelyroduct ion;

From table-2 and table 3 th:. following relative ranking of the
hydrogen storage/productiotA methods is deduced:

Weight (S) hydrojet-n Cryogenic storage = Methanol
reforming > Aluminum corrosion > Calcium hydride >3 ALWATT >Transition metal hy-ride > Compressed gas

Density Is Rf hbdro nifnvc Al iminum corrosion > ALWATT>
Calcium hy-Jride > Methanol reforming > Transition metal
hydride > Cryogenic storage > Compressed gas.

AsjS k) ingc Puit ue 0Iaa &-a
1in. Preslure hull cOt: Aluminum corrosion d

ALWATT < Cryogenic storage < Compressed gas < Calcium
hydride a Methanol reforming < Transition metal hydride

I B z��i•RawslL swat SLLL k U4Thf ts•Jh•i1InD
-.-tO.O.U~9. Cryotenic hydrogen = Methanol

reforming < Aluminum corrosion < Compressed gas t ALWATT
"l< Calcium hydride ( Transition metal hydride

Details of the chemistry and asnocialed discission for3 Iassessing the cost are prevented in Appei#-dix-i.

I
U



Mhb Preferred method:

U1The estimated weight and volume of hydrogeen for the 75 watt, I
.%rar-qervice fNel ceil is 366k[ (St"W) or 32.7kg as mentioned
iri (IV). From economics nti snfely poinlts or view, nit on-line3 '-Olotrat ion method that does aot require a pressure hull is
preferred.

li1, following on-line hydrogetn getternti on melhods do not
teqviire a pressure-huill: 1i) 1he AIWAT'', (ii) The aluminum
corrosion and (iii) The Iiydrolyi.is of rtlcitim hydride. Of
these,, the hydrolysis of calciom hydride is the most expensive
process, ALWATT ranks second and aluminum corrosion reaction
is of the lowest cost. All the three methods are low

temperature processes operable with sea water. They produce
high purity hydrogen required for SPE-type fuel cell
coitemplated by Aquanaut ics. Ilowever, ALWATT is the onlyIme'thlod Lhnt produces both hydrogen and electricea energy, niid
n", .•s'h is the method of choice to suIpplement 25W to make top at
100W 1-year power source.

Of the on-line hydrogen generation processes that require a3 pre.,sure hull, the methanol reformer has lowest fuel cost.
hlowever, the process rerjui res heat to evaporate the methanol,
for the generation of steam and to support the endothermic
reaction. The waste heat from the SPE fNel cell may be used
for the evaporation of methanol. Ilowever, the process heat and
steam will have to be generated by combustion of methanol, The
combustion process consuimes about 10% of oxygen from the
artificial gill. Also, the carbon monoxide in the hydrogen
stream needs to be lowered to pp. level as it is a poison for
the hydrogen electrode catalyst. However, if a phosphoric acid
fuel cell or a molten carbonate fuel cell is plannted then it
is likely that all the reqtired heat may come from the fuel
"-ell and the hydrogen electrode would bc more tolerable te
higher carbon monoxide levels from the methanol reformer.
Nonltheliess, this process is of high cost and increases the
total oxygen demand of on SPE fuel cell.

Thleh transition metal hydride iR costly on a one-time-use
basis. However, the hydroigen absorption/desorption proce•n is
reversible and the cost of multiple use would be lower. The
method requires heat for operation. The waste heat from the
low temperature fuel cell is insufficient to support thermal
decomposition. Hence is not attractive for the SPE fuel cell.
Also, the method requires a costly pressure-hull housing and
hence is not preferred.
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I Compressed gas IIiJhh presqsure To conserve
R torner' vo..lime

,Iiqtid IHydrogen Specintl vesqPl Cryootesic
AtLrition: I%/dny

Methanol CII3Wi 4 H1 Oz Steam
COz + 3H2 reformer

Metal Hydride CaHz4*211O= Reaction with
$ Ca(ON )a +211z water

FeTihll + Heat Thermal
FeTilis +x/2112 decomposition

Metal AlIalkali/salt water Corrosion
A Al salt + Iil

Al + seawater Voltaic cell3 Al(OI)3 + Electricity
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Table 2
VOLUNETRIC AND GRAVINETRIC .CONPARISON OF HYDROGEN PRODUCTION

ALTERNATIVES

PRODUCTION NETHED HYDRIOGEN CONTENT
Weight % Vulume (g/cc)

1) Compressed gas (a) 1.5 0.018

2) Cryogzni¢ Storage is) 12.5 0.071

3) Calcium Hydride (b) 9.6 0.163

4) FeTiHz (a) 1.8 0.096

5) Methanol Reforming (b) 12.5 0.150

6) Aluminum Corrosion (a) 10.3 0.279

7) ALWATT Cell (a) 9.8 0.264

a) Reference 2.
b) Alupower estimate.
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3- ITECIINOF,.ONONIC CONPARISON OF DF.FP OCEAN IVI)ROGEN PRODUCTION

STO!iA(F/PIIODUC1'"ON (?N-I.AND Mts'rS 1FVEI' OCRAN COSTS
SCIIEME M IPIttO()N INVRS1HFN1 I'lFSSUIF 1IULL

M aolRe-, fod Gar.m i0 (2e) 12,Ouo (b) Yes

Cx•yogenic Storage 6 (a) 16.000 (b) vc-s

-- iCalcium 1.- !ride (c) 243 -) No

o•FeTiH2 (d) 700 - Yes

SNethanol Reforming 2 (e) 8000 Mf Yes

Aluminum Corrosion (g) 30 - No

ALWATT Cell (g) 214 - No

(a) Commercial quote
(b) Annual rental cost of ground storage system
(c) Alupower estimate based on bulk cost of $23/kg.
(d) Reference 2.
(e) Alupouer estimate based on $ 0.20/kg methanol
Mf) Reference 4

(gi) Alupower estimate based on internal costing.
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3 APPENDIX-I

_. .High pgessuro torJ_._JdrdOoeI:__This methLod of
Ihydrogen gas storage is commooi whlere a rein! ively small
qusnntities of hydrogen iq reqliired. Portinle cylinders of
hydrogen stored at 2400,-qi are uttcd for lahoratory ptrposes.
Vomopresqed gas cylinderq 115-200 itm.) are used ill the larger
scale diqtribution of gnseous hoydrogen. As seen form Table-2
rompre, r.qed gas hydrogri cylintdern inq the lowest hydrogen
votilent both glravisetricnily nolod voltomr-fric-nill.

I fiLEQ-r eni' stora• ofjquijidhydrogen: This, is the
preferred technology when larle qilnantit.ie9 of hydrogen mu.;t be
stored or ttiansported over long distances on land. This is
probably the cheapest hydrogen storage alternative and the
system hydrogen content is higher than Alwatt on a weight
basis as zeen from Table -2. Tile weigRit of cryogenic container
for the Aquanautics onnuni reqtiirement of hydrogen is

- estimated to be 260Kg. Although, this weight is less than that
or ALWATT cell (400kg), the cryogenic container must be housed
inl pressure hull for a deep ocen,, application. Tile pressure

/1till adds to system weight, volume, cost and complexity.
Also, there is additional pentalty of about 1% evaporative loss
per day in cryogenic storage of hydrogen and associated safety
concerns. These issues render cryogenic hydrogen storage
unattractive for Aquanautics use.

IIi lietal h id r y d tgri&L•.

U •J_1MuhIIdrkit This is used as a reducing agent in the
chemical industry. it has also been used as a source of
hydrogen to fill reconnaissance and weather balloons. As
indicated in Table-I, CalIl reacts with water to produce
hydrogen and calcium hydroxide and the reaction can be used
for on-line production of hydrogen. Like Alwatt, since the
reaction involves sea water the calcium hydride storage would
be an open system and no pressure hull would be requtired. For
the Aquanautics annual requirement the weight of calcium
hydride is estimated as 350 kg ibased on 100% utiliration) as
compared to 400 kg for Alwatt. Tile correspootding volume of
calcium hydride would be about 200 liters excluding the volume
of the container. The system Is relatively simple, however, at
$23/kg of CalI: the cost of 11; generation is 1243/kg of
hydrogen compared to the Alwatt cost of $214/kg.

(hb Transition Ietet bhdr.j4j The principal of this method is
that several metal, alloys and internetallics absorb hydrogen
under pressure forming the corresponding metal hydride and
release the hydrogen viten req'tirtd oh heating and low'rinrg the
pressure. The process is reversible sld the evet tee cost
becomes lss during multiple cycle tme.

I



On a volumetric basis this method is superior to *L-1he cryogenic
naet1.liod but hans considerable disndvaiitnge on weight basis
b7couise of the weight of' the assoc inted net~n L. hlent anfd/or
pr-e5-siir-e swing is reqtui red for hydrogeni genierat~ion. Tile wnst e
huenti'.I om t~he SPE Cuel cell) is niol. sti f ' icien it. to prov ide the
pyrocrsq heat.. I t wi 11 hrtve( Lo supp vi mnto.tled by elc ctr ic hecating.
-; ys ~ien or other by o1th101 mt-nus. Thins i-s :i di sndvanntge of'
t rt ais it. io mu inc La]. hydriide tleiv-hod f'or Aquitn~utai i c S use.

(iv) Methanol reformer: Ons a grrnvanmltric as well as volumtetric
basis there are dist~iinct ndvamntages of' storing hydrogen in1
comb inn Lioni wi th other compounds (e.g. N113, CO + 2112 --- >
C113(Ol)11. I t woulId be ci(nr'pe r to t raiisport. mc t~irtao.) than lI i qii1
hydr-ogen or metal hydridv. Hlowe'ver, Line miethaniol reformer is
good for- a molten carbonnte fuel. cellI and suffers from tine
following disadvantages for Aqunatitutics SPE fuel cell use:

(1) For an oni-line deli very or hydrogen at a depth of'
10,000 meters the nuel~hnaiol reformer' will have to be !it a
pressuire hull11

(11) Thne cnpi tal in~vestmenit for- the reformer planti inione
to meet, the AquaintiaiiLi cs rein -iiiremenet. i s estimated to I)(
$8000 based on mid-79 me~lthnte ref~ormer' plant costs. SPE
fuel cellI does niot. gce~estinff1 ci emit, heat to RenernteC
steam anid to operra Ic the reformier. This heat requtirementi
will have to be mot. wit hii by ut.hainol combustion using
oxygen from the Aquannutiics-gill source. This oxygeni
reqiuire. nit is estimated to be about. 10% of the ox-ygen
consumed by the fine] cell.

(iii) The hydrogen produced by methnnol reformer
conitainis trace CO, which is a poison for the fuel cell
catalyst. The hydrogen from the reformer has to be
purified.

lii Aluminum Corrosion: In previouis work, we hanve developed a
hydrogen generator based on aluminum corrosion In the presence
of alkali. We are in) t~he pr-ocRSs of' developing n hydrogen
ge-rnerator based oni stilt waterr. As ist (of nluminuim would
produce 22.4. liters. (STP) hydrogeni in n simpile reaction wit~h
salt water, this Is ain attranct.ive approach to oti-line hydrogen
generntion. This method does uiot. require a pressuire hull
eniclos~ure. However, thre procedure Js nol, fully developed antd
does riot generate the supplement~ni electrical power as ALWAIT
cell.
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3y ly ALýA-TT-bh-Iroge~n~eneraktor: A comwlr'Ie AlwaLl setelirator to
t he-e .l Aqiiiiiatjt t i c s i 11 r'2 owt~it n 1 0 dr~g (* n 11ti 10(0(0 nI W. 01 It Id

rj hnIPr-o~iMnteI! 4-00 ks( nuid tinve' R~ %ollcr' of i80 li t.rr,4.I ~ ~(1 lrSe vai en' itwh3 de 201% shiiis vot-or ec tijon ). The cost (if t he
igenert-aor as r~howt, iii thie- t-nhIde doe-s riot inwIitide the cost. of
livdvoovitn verocvery frjrm the rec-i royt te nrid the Ftsqoc iaed
wimp triR c-ost involv ed, We pv-tir'sue the-nt pimp'i ng c-os t could be
muinimi~e'd tiy diverting tlivp otitlet strenrn from the oxygeni
(-oii(eAntrnuLor into teALWATT c-ell.
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I ALWATT HYDROGEN GENERATOR POWER STUDY
AQUANAUTICS FUEL CELL

3l Shailesh Shah and B.N.L. Rao
Alupower Inc, 6 Claremont Road, Bernardsville, Nj 07924

I. INTRODUCTION

3 ~This is a romputer modeling study of the relationsh~ip between
power generated end the ALWAT1"'? system nize, weight,
operating depth and temperature, it is carried out to optimize
the volumetric and grea-imetric rower densities of ALWATT at'i operating conditions varying from 0-10,000 meters ocean depth
and 0-20 deg C. Specifically, the modeling is carried out for
an ALWATT cell capable of delivering 25 watts together with a
hydrogen production rate of 696 ml/min for 1-year as per
Aquanautics directive Ill.

3I II. POWER STUDY

Modeling of a parallel plate Alwatt cell that is open to sea
water was done to determine the peak power densities with
respect to weight and volume. The theoretical approach used
is discussed below. The key data used were obtained from
literature and laboratory results. They are discussed in
Appendix-I.

(i} Optimizati-on with respect to volume:

The power per unit volume obtained from an Alwatt battery is
given as:

VPD a 1E - RL * i N / BV .........------------- (1)
where,
VPD : Volumetric Power Density (1/l)
E -Alwstt cell EHF Ivolts)
IRL IR loss tvolts)

i Current Density A/cml2)
A Cell Area c002)
N No of cells
RV , Battery volume 41)

Based on the equilibrium and kinetic equations for the
hydrogen and aluminum half cells presented in the previous
report (2) the relationship between the ALWATT emf and current
density is derived in eq.-121:



E = 1.25.2.303RT/F*(O.06T-19.6-pil-Iog(i 3)-1/o~-*(log(P))) -(2)
where,IT =Cell Temperature.( dest K)
F =96500 coulfeq,
p1l Electrolyte till next. to the hydrogen electrode,
= Pressure (atm.)

lii"- IRI loss ( i 1I,) C-1coinflerelt' l' if.tmIII I viecI. ro I yte aftp iq g i enl

1-= i-R(T)•------------------------ (3

:--:ilwhere,

WTI= Electrolyte resisivity at. temperaLure T (ohm-cm)IG =Cell Gap (cm)

"The Battery volume can be calculated as:IBV = Alth + G) * A * N- ------------------------- (4)

where,
Alth= Aluminum thickness (cm)

Stubstituting equationq (2), (3) nnd (4) in equation (I) we3 obtain:

VPI) = [(1.25 * 2.303 RT/F * (0.O-T - 19.6 -pH - log(iO) - 1/2
iog(P) - i * RT) * G; ) * i I / ( Alth + G I .... (5)

A graphical solution of the above equation was sought and
curves of power density versus cuirrenot density were generated
for different combinatiots of temperattures, pressures and
initial and final (after discharge) cell gaps. These curves
"are presented in Figukres I to 6.

till Optimization with reBuect tR weiktht:

For an ALWATT battery aluminum contributes to almost 95% of
the total weight of the battery. The variation it. the
aluminum capacity (All/g) is too small to have any incidence on
the maximization of power with respect to weight. The
variation in gravimetric power density (GPD) is shown by the
following equation:

_GPD Power/weight
= (Cell E.N.F.*(ALUHINUN CAPACITY)/(CELL ENDURANME) .(6)



III. RESULTS AND DISCUSSION

A, OPTINIZATIQN OF VPD (W/kL}.

(a) Effect of variation of initial say of the cell:

Figure-I and Fieure-2 illustrate the varintion of Vi'll nf the
AILWATT cell with initial gap (0.1 to 0.5cm) operating at 200C,
I atmosphere and OC end 1000 atmosphere lat=?. Figure-i shows
Chat the peak power Jr'nsity drops from 2,4 W/ki at 0.5 mA/cma2
to 205 W/KI at 1.5 mA/c-&2 when the initial cell gap increases
from 0.1 cm to 0.5 cm at 20C, I at=. Similar effect of
lowering of the power density with increasing initial gap is
noted in Figure-2 for the low temperature and high pressure
conditions.

(b) Effect of variation of temperature and Pressure

Figure 3 and Figure-4 show that the VPD maximum occurs at 0.5
mA/cm 2 and 0.1 cm initial gap and is independent of
"temperature and pressure. However, the value of the maximum
changes from 248 W/kl to 239 W/kl as the temperature decreases
from 200 C to OOC at 1 atm. (Figure-3). Similar results are
obtained for the temperature dependence at operating pressures
of 1000 atm. (Figure-4).

(b) Effect of increase in cell map with depth of discharfe:

The discussion that follows is for an ALWATT battery at its
initial cell gap of 0.1 cm. It is important to realize that at
0.5 cm2 the aluminum anode thickness is about 1.1 cm and as
the aluminum is consumed during cell discharge the electr.alyte
gap increaser form 0.1cm to 1.1 cm at the end for 90%
utilization (external current + corrosion) of the anode. This
increase in the gap with depth of disk-harge affects the
maximum power that can be drawn, since the IR loss increases.
The VPD dependence on current density at the end of discharge
is shown in Figure-6 for cells with 0.1 cm initial gap. The
results show that tihe peak power density remains at 0,5 mA/cm 3

at the end of discharge and is independent of the temperaturc
and pressure of operation.

B. OPUIMIZATION OF GRAVIMUTRIC .POWER DENSITY (W/kti

The VPD of the cell is more sensitive to current density than
the GPD. Therefore, it is appropriate to design the ALWAT1
cell based (., the volumetric peak power and deduce the
corresponding gravimetrlc power, For the conditions of
maximum VPD discussed above, the gravimetric power density is
0.08 W/kZ.



I
C. ENERGY DENSITY

The projected energy densities for a 25W, 1-year ALWATT cell
operating at 0.5 mA/cm2 and 0.1 cm initial gap, and for UC,
1000 atm. conditionR are 77OW11/kg and 1796 WII/1 based on
initial conditions. Energy dr.nsities at the end of discharge
are slightly lower (701 WIt/kg and 1734 WII/I) due to increased
gap from anode dissolution and consequential increase in IR
loss.

D. BATTERY DESIGN

An example of a 6V, 25W, 1-year service battery incorporating
shunt-loss compensation (three additional cells and
shunt-fins) is presented in Appendix-II. The shunt-loss
compensation used is based on other experiments has not been
optimized for the ALWATT of this study. In comparison to the
cell, the battery is about 25-30% lower in VPD, GPD and the
energy density {Table-1) due to the method shunt-loss
compensation used.

IV. SUMMARY AND CONCLUSIONS

Mi) Maximum volumetric power for an ALWATT cell is obtained if
the design is based on an operating current density of 0.5
mA/cm^2, and 0.1 cm initial gap, irrespective of the
temperature or depth of operation. Under these conditions, the
anode thickness is about 1.1 cm for 25W 1-year service.

(i) The operating conditions in (i) results in high energy

density.

I (iv) The numeric-l results for the cell and battery parameters
At the end of discharge are of interest in assessing the3 ALWATT capability. This is summarized in Table-1.

I
I
Im



I

t TAIBLE- I

MAXIHUM POWER AND ENERGY DENSITIES AT END OF DISCHARGE
(1000 ntis, (-)

m Parameter Cel - Battery (*)

W/kl 198 138

W/kkg 0.08 0.06

3 WI1/Kg 701 534

WH/I 1734 1207-
(M) Not optimized for shunt-loss compensation.

VI. REFERENCES

1. Discussions with Dr. Sam Nohants

2. B.H.L. Sao and W. Halliop, 'Study of Hydrogen and Power
Generation Characteristics of The ALWAtT Underwater System',
Subaitteid to Aquanrutics Co, Dec 24, 1988.
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Figure -3
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Figure-4
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Figure-S
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Figure-6
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* &PPENDIL I

The following information was used in the optimization study

M (i} Aluminum density -= 2.7 g/cc

(11) Aluminum Capacity --------------- a 1.5 AH/S
(value ba.sed on experimental results)

(iii) Aluminum hinlf cell vollnge ------- -1.25 vs NIIF

3 A- di.cus.qqed In the pirevioiiq report the hinif ctrll potaviitinl of
Alesminum eJoes not chunimu e sistij ifitnel ly w ith lie nplli ed
c,,rre-nt over fouit I-(nles frm 0.1 mA/rm'2 Io 100 mA/cm 2.
Thi q FAi- -1.25 V v- NIIE ntvlq is n.•sismed to be indelvevllde l of'
,rfqqiire nnd Lemnpcralisre is Live region of AlwnLtL cell

opieration.

I (iv) Alwatt exchange current den-sity --- Log (jo)= 0.03T-9.8

"3I 1kvT above dependence of exclhntie current density on
temperature was deri'ed from literature data where T is in deg
h rtad io is glveie in m-/cm2. The pressisre dependence of
exchnnge current his been ignored because of uncertainty iii
literature data.

3 Iv) Electrolyte ptll -------------------------------- = 10

The electrolyte pit next to the lv.droqen electrode hsin been
found to be equal to 10 due to the higih concentration of Oll-
ions there.

(vii Electrolyte Reristivity:

I The follorwing valu_* of thý romimgityiv _it r. -ACX ,rI|itis-
wcre obtained from literature:

I0 C 38.34 oht=-cm
101 C 28.78 ohm-cm
200 C 24.85 ohm-cm

The pressure depenidence of the icrtc conductivity has been
feglected.

U

I
I
U
3



The following is an examnic or n 6 volt. Alwatt battery capable
of deliveritig 696 mll/mir1 of bvdrogen nnd 25 watts for I yenr.
ihe design parnmet~erq including the shunt-loss compensation
for the cell at. the end of discharge are as, follows:

1) Peak power- density at. V C, 1000 emi-6--198 W/kl

32) Corresponding Current D~ensity------------------ 0.5 vA/ciu2

3) Aluminum thickness------------------------------1.08 Cm3 ~(0.0005 [A/cm2 1*8760 [IMJ/(.5 IAH1/gi*2.7Ig/ccJ)

4a) Number of Cells before shunt compensation -- 13 cells3 ( 6 (volts]/ .465 [volts/celli)

4b) Number of Cells with shunt compensation -- 16 cells

55) Initial cell gap----------------------------------- 0.1 cm

3 6) Final cell gap------------------------------------ 1.07 co

7) Current---------------------------- --------------- 4.17 amps

(25 (wattsj/ 6 (volts)))

U8a) Cell area at 0.5 mA/cm2 , (130*64.2 cm2 ) ---- 8340 c*2

8a) Cell area (130*72 cm2 with shunt fins) --- 9360 cm2

9) Battery Volume with shunt compensation ---------- 181.4 1
(9360cmz1*(l1.8tcmI*l6cellsJ. 0.5[cm,end plate '.hicknesaj)

1 10) Battery weight----------------------------------- 410 kg
18340cm2 *1.O8cm'2.7#/cc*l6cells /0.95)

I1
U1
3 nI

--.

U ONC• TU_ _..$ GNQF QL .A.TrBAT•
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FINAL REPORT

l FABRICATION OF AQANAU•L'ICS' GILL .4BRANiE MODLtE3 P.O. *1360

The attached SECTIONS A - B - C constitute the entire Final Report representing

U the conclusion of Aquanautics' P. 0. 1360.

SECTION A consists of Design Methodologies associated with fabrication procedures

for the Artificial Gills. Both Gill Assembly and Potting proced;;ra; -:: d;;crib-

ed in Section A. All eight agreed upon Membrane Cartridges were fabricated per

the design specifications shown. These Gill Cartridges contained 2.5 square

meters and 1.0 square meters respectively, with the exception that two of the

I plasma coated units of Design #i ended up approximately 5% less in total surface

area.

I SECTION B details the assumptions which go into a proprietary ANMT Computer Model

for co=mercial production scale, rough order of magnitude. price estimates.

Using the coating method for ANT's Artificial Gill Keubrane and automated

assembly equipmnt for the Cartridges yields pricing estimates as shown in

3_ 1 Section B. This Model also for-ms an integral part of the basis for development

plans and projected development costs for Section C.

SECTION C details the overall development strategic objectives for scaling up

Membrane Cartridge imnufacturing under a world class manufacturing program, as

/ell as the how-to's and tools needed to put such a prograz and facility into

place over five years. Much of this framwork is borrowed froc Arthur Young and

Coapany's National Director of Manufacturing Consulting Group. Thomas B. Gunn.

ANT has selectively incorporated Arthur Young and Company's recocoendations

which AWT believes to be relevant to getting its facilities of today up to pro-

duction volu-es suggested by Aquanautics - five years out. The largest costs

are associated with capital equipment. Furthermore, the assuptions detailed in

Section 8 are considered to form an intugral part of Section C.
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M•-IBRALE CARTRIDGE FABRICATION

The me~brane cartridges were designed as a compromise between the desires of3 Aquanautics Corporation and the limitations of the available fabrication equip-

ment. The mutually agreed upon design parameters are listed below:

3-iI DESIGN ?ARAMETERS FOR THE ,MBRAE CARTRIDGES:

Design Parameters Design *1 Desgn _,Z

Fiber outer diameter 290 microns 290 microns

Length of Fibers 0.254 m 0.254 M

Thickness of Fiber Bed 25.4 _ 25.4 -

Breadth of Fiber Bed 89 = 89 =

Inter-Fiber spacing 1.56 X OD 2.5 X OD

Total Surface Area fibers 2.5 sq. ,eters 1.0 sq. =eters

The merbrane cartridges are designed to be of a cross flow design. Therefore
the center section of each cartridge is open to allow fluid flow through the
cartridge perpendicular to the fibers. The structurc of the cartridges is
illustrated in the attached drawing.

The fiber bundles were fabricated on a modified LaBlond m-etal turninp lathe to
provide control of the inter-fiber spacing. A fiber guide pulley was attached
to the tool carriage and the screw thread cutting gears were engaged so that the
tool carriage would move relative to the rotation of the chuck. The proper
gears were engaged to give the desired fiber spacing. The setting of 56 turns
per inch was used to achieve the fiber spacing factor of 1.56 X OD and 36 turns
per inch was used for the fiber spacing factor of 2.5 X OD. A DC motor with
speed controller was used to turn the lathe's chuck so that precise control of
rotational speed could be maintained.

The fiber could not be pulled onto the winding fixture directly since the fiber
tension needs to be carefully controlled. AM's custo2 unwind stand was used
to achieve uniform and controlled fiber tension. This fixure consisted of a
series of pulleys and dancer aras through which the fiber was threaded. One
dancer arm had a proximity sensor that sensed the position of the arm. The
output of this sensor was used to control the spted of a stepper rotor attach-
ed to the spcol of fiber. The controls are set so that as fiber tension
increases the unwind rate increases to decrease tension. A4T's iixture alloved
the tension of the fibers to be controlled to levels of between 3 and 5 grams.

The winding fixture was designed to wind two cartridges at a time. The fibers
are wound directly into the framework of the modules. The side rails and back-
side crossrzeubers are solvent bonded together to for= an open U shaped channelk.
This framework is mounted onto a plate. Tuo of these plates are Counted back to
back on a shaft held between the chuck and tailstock of the lathe. This shaft
has a pulley attached that is driven by a DC motor.



B,
The thread cutting feature on the lathe is used to control the spacing between
fibers as each layer of fiber is wound. The spacing between each layer of
fibers is controlled through the use of plastic spacers with pressure sensitive
adhesive that also glue the fibers in place. These spacers are used on each end
of the module and also on the two intermediate crossbars. The combination of
the adhesive thickness and plastic material thickness yields the required inter-
fiber spacing. At the ends of the cartridge the adhesive strips mount onto an
aluminum strip with long screws. The strips are die cut with holes located to
fit over these screws, These aluminu= strips have short legs that index off of
the end of the cartridge framework. This arrangement keeps the fibers located
properly and under the proper tension when the cartridge is removed from the3 ... rae fol pottins.

The winding of the cartridge is accomplished by positioning the tool carriage
so that the guide pulley is located at one side of the cartridge frate. The
double sided adhesive strips are placed at the four locations (two ends and two
in the middle) of each cartridge. The fiber is threaded through the unwind
fixture and taped to the winding fixture. The DC r~otor is turned on slowly and
the fixture is turned the proper number of turns to for= one layer. Turn.s are

counted with the use of a electronic counter that is activated by a cam and
switch on the winding shaft. As the winding fixt.ure turns the tool carriage
traverses and the fiber is spaced out across the width of the cartridge. When
a complete layer is formed, the winding is stopped and a layer of adhesive strips
is put over the fibers in the four places mentioned above. The feed direction
of the tool carriage is reversed and the next layer of fiber is wound. Since
the gear train of the lathe has some backlash, the tool carriage does not start
to traverse until the winding fixture has turned approximately one half revolu-
tion. This delay in starting the traverse back across the cartridge provides
an offset in the fiber spacing between layers so that the fibers are staggered
when viewing the fiber bundle front to back. This process is repeated over and
over until the required number of layers is formed.

Vben the fiber bundle is formed, aluminum strips are placed on each end of the
cartridges so that the adhesive strips are sandwiched between It and the botton
aluminum strip. The re.aining pieces of the cartridge framework are bonded in
place and then the fibers on each end are cut so that the two cartridges are
independent. Tie cartridges are then removed for potting.



U MODLLE POTTING OLTLINE

SThis process outline applies to:

A. Potting of two nodules at once.

U B. Application of the 50 inch spinner arm.

3 IPROCEDURE:
1. Inspect potting boats. Hake sure th,&t they are clean and intact.3. Replace if necessary.

2. Dip seal the fiber bundle with silicone RTV. This prevents the3 polyurethane froo flowing into and plugging the fibers.

3. Apply a thin layer of silicone grease around the end of the module
and iLsert- It into Lihe boat.

4. Screw a 10-32 x 1/8" barbed nylon elbow into the side of the boat.

5. Solvent bond two inches of 5/32"ID x 1/4" OD PVC tubing to one end
of a three inch piece of 1/4" ID x 3/8" OD PVC tubing using cyclo-
hexanone. To the other end, solvent bond a piece of 3/8" ID x 1/4"

OD PVC tubing equal in length to the potting station distance on the
"spinner arm. Cut a small notch in the 3/8" OD tubing near the end
bonded to the longer piece. This will allow air to escape from the
line when glue is injected into the module. (Alternately, provide
an overflow tube to the boat and utilize 5/32" ID x 1/4" OD PVC
tubing for the entire tubing system).

6. Preheat the spinner machine by turning on the fan and setting the
heater element at 175"F.

7. Secure the module and the tubing in the spinner arr channel with5-| Aluminum Angle and Bunge cords. Two aodules -ust always be spun at
the same ti-e. This will insure proper balancing of the system.

8. Next. prepare the polyurethane resin.

The recipe calls for 541 Polycin 942 and 46Z Vorite 689.
For one module end, mix 86.4 grans of Polycin 942 with 73.6 grzas3lof Vorite 689 in a 600 al plastic beaker.

For two modules, mix 86.4 graas of Polycin 942 with 73.6 irms of
Vorite 689 in two 600 ml plastic beakers. Each module end should
require about 80t to 902 of the resin to be properly f~iled. Kix
thoroughly with a tongut depressor and degas tht uIxture in a
vacuum dessicator under 29+ in Hg until bubbling ceases.

I•_
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9. Cut a three inch piece of copper tubing with a tubing cutter and
bend it to about a 120" angle. Fit the tubing onto the luer tip of
a 20 cc syringe.

10. Pull the plunger and pour the degassed resin into the syringe while
holding your finger over the end of the copper tubing. Re-insert
the plunger and flip the syringe upright. Expel air from the
syringe by depressing the plunger. (Steps 9 and 10 may be eli=ina-
ted if you utilize an overflow tube).

!I. Start the spinner and adjust RPM so that the =odule end has an
acceleration of at least 150 g (Table 1). RPM can be checked with
the strobe. The temperature in the spitner should be between 110*-
115F. Inject the resin into the top notch of the resin disn ib r
in small volumes across a 3 to 5 minute spar. It takes a stall
awount of time for the resin to evenly distribute around the fibers,
and adding multiple small volumes will help prevent over-filling the
module. The resin level car be monitored by observing the fill
level in the clear resin addition tube. Inject resin into the

bottom notch of the resin distributor and fill the second module in
the same manner.

12. Fill in the module type, the starting temperature, the RPM's, and the
starting time in the Log Book.

13. Continue to spin the modules for 90 minutes at ll0 - 115*F to allow

the resin to set.

14. Fill in ending ti=e and temperature in the Log Book.

15. Remove the module fro* the spinner arm and allow the resin to set for
30 minutes at room temperature. Then remove the potting elbow from
the boat and twist the boat off the-=dule.

16. With the band saw, saw the end of the module off just below the
score line. (1.5 from the end) Make sure this step is done within
1 hour firc the etd of potting.

17. Cut through the polyurethane in one sw-oth cut vith a razor blade.

18. Check the cut end of thi wod-ule under the microscope to verify that
tho fibers are open properly.

19. Allow the urethane to set for 48 hours at rock_ temperature or four
, . • The module is now ready for sealing on Its endcas

and then for leak testing.



TABLE ONE

Rpm's required to attain 150g at each potting station along
the 50 inch spinner arm:

"Av rw2

For max. - 730 rpm (12.2 rps)

v - 76.3/sec

w2-S826/sec 2

R (in)

11 693

13 638

15 594

17 558

19 527

21 502

23 479

2.5 460



ISECTIOI B

PRICE ESTIMATES FOR PRODUCTION SCALE CARTRIDGES



I ASSU•2PTONS IN,?UT SECTION Year 1 Year 2 Year 3 Year 4 Year 5

FundingU Funding Provided for Venture

I Sale Demand (Equal to Venture Output)
A!(T

Property and Equipment Related
Property & Equipment inflation Factor
Number of Coating Machines
Coating Machine Cost

I Capacity (sq.ft.per shift)
Capacity Discount Faccor

Coating Method I

Number of Bundling Machines
Bundling Machine Cost
Other Equipment Additions
Number of Machine Shifts
Required Warehouse Space Per Machine
(sq.ft)

Cost of Warehouse Space (per sq.ft)
Leasehold Improvement Additions
Usefull Life of Equipment (years)

U Operating Costs Related
Operating Costs Inflation Factor
Fiber Cost
Average Fiber Inventory
Coating Costs (per sq.ft.)

Coating Method I
Coating Mix

Coating Method I

Scrap Factor
Production Cost Markup (per sq.ft.)
Enicapsulatin8 Cost (per sq.ft.)

SMethod 13 Encapsulating MU-

e thod I

Utilities (Porportions) w/0 of Machines)

Gases (Per shift)

1



WAGES AND EMPLOYEE BENEFITS Year I Year 2 Year 3 Year ._ Year 5

Day Shift
operator #1
operator *2
Operator #3 (When Coating flachines)-6)
Operator #4 (When Coating Machines)-8)
Operator #5 (When Coating Machines)-lO)
Quality Control/Winder
Potter Operator #1
Potter Operator #2 (When Bundler)-2
Potter Operator #3 (When Bundler)-3
Materials Handler
Plant Manager
Quality Control/Winder

Night Shift
Percentage of Day Shift Coating Operators

Employee Benefits & Payroll Taxes (Addt'l)

Insurance (Porportional w/# of Machines)

Supplies (Porportional w1# of Machines)

Miscellaneous (Porportional w/# of Machines)

General and Administrative Cost Related
General & Administrative Costs Inflation Factor
Office Space Requirements (sq.ft.)
Office Space Cost (per sq.ft.)
Utilities
Wages & Employee Benefits

Offite Manager
Office
Exployee Benefits & Payroll Taxes (Add'i)

Telephone
Travel
Professional Servic-s
Management Fees
kiscellaneous

Other Assumptionc
Average Accounts Receivable Days
Average Accounts Payable Days



CALCULATIONS SECTION (no input required) Year 1 Year 2 Year 3 Year 4 Year 5

Total Funding

U Sales
Sales Volume (sq.ft.flber)

AM!

I Sales Dollars
AN!

--IFtar Cost Per Sq. Ft.

Average Production Cost Per Sq. Ft.

Average Profit Per Sq. Ft.

Average Selling Price Per Sq. Ft.

Property and Equipment Related
Property and Equipment (AT Cost)

Coating Machines
Buindling Machiners

Other Equipment

Production Capacity (sq.ft)

Operating and G&A Cost Related

Leased Space - Production
- Office

Purchased Fiber (dollars)

Coating Coots

Encapsulaciag Costs

Gases

Vaes & Employee Benefits - Production

- Office



CAPITAL £QUIPMEUT REQUIMW(UTS

YEAR 1 YEAR 2 YEAR 3 YEAR 4 Y EAR 5

(403 K sq.ft) (2 ,1 sq.ft) (71 , sq.ft) (15 %N sq.ft) (20 , sq.ft

CAPITAL EQUIPMENT
INVESTI•LET $ 1,215,000 5,100,000 16,250.000 27,600,000 31.,300,000

PlICE/SQ.FT. 9.57 8.1-4 6.90 5.88 5.00
(,odule basis)
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3.1
n
3 . .MANUFACT7RING SCALE-UP:

3 Strategic objectives: World class -manufacturing facility/program scale-up

to 20 KM ft /annum by implementing CAD, CAE, GT and

CAD to CAM linkage, by improving product progran

management, by concurrent product and process

"engineering, by designing for (flexible) manufactura-I ibility, and by impleenting standardized design pro-

cedures. - World Class Mfg. program -

Once the organization is put in place tn administer

implementation of the world class manufacturing program,

it will be necessary to track and contrcl the program

"ipiement&tion via project manage=ent software. There3' " are wany suitable personal computer-based project

Sanage=.nt control systems- It is essential that the

3, softare systems be capable of easily and quickly

highlighting the critical path in the overall progran

at any given point. (%4th shift" is a highly reco, mzend-

ed package).

STAGES

Initial

I. 7The initial stage (current-yr I) can be characterized as follovs: production

set ups are exceedin.gIv long - zany hours in fact for both zembrane and

_ cartrIdge production.

- Annuzi:zed raw nýaterial and w'ork in process inven:or'e turns would ar.nt

3- to less than 6.

- Operat.onus inefficiencies include inventory buffers, lo"sely- Coplec

.. production, and excessive slack.

- _-;,plier ino'.venent 4s present part for ccncepL 5c- ,

On. =rn7rnez !:;t not an :the cl-cse n ctd'd Ag- ii!& >t 1

:inkage at pcesett to other suppiiers, plasti,:s . , .eals, etc.

oU
-mtU



Equipment preventive maintenance program needs to be installed -

currently "fix it when it breaks" prevails.

- Total quality control program conceptually aware, but tools need to be put

into place to implecent same.

- The computing environment is batch. Many paper reports but little tim-ely

feedback cn operations.

- Computing equipment is spotty.. A few personal computers, and a few soft-

ware packages.

- DataBase Management Systems arid DATA processing capability are weak.

- CAD/CAE System use is not in place. Geo=et:zic part data on the drawings

in both manual and computer codes. Part drawing still master part

definition, ie. not integrated with business systets.

- factory local networks data - collected on shop floor. No CNC controlled

production eqv:;=ent connected yet.

3I - All quality costs really not measured, probably 30Z. Need to recognize

necessity of four Feigenbaum Model costs - prevention

I - appraisal

- internal

3 - external

- Limited incomiug sample inspections and caterial review committees

utilized.

- Preventive maintenance education needed.

- Product and Process Design involvement as well as knowledge of TQC is very

little. Education lacking in SQC, Taguchi Methods, and Quality Function

*i Deployment.

- Role of Technology in attaining quality is primarily limited to nechanica:

gauges, dye testing, visual inspections and test fixtures, but sone

initial use of computers and software - driven process controliquality

equipment installed. Software is utilized to capture quality data for

an-alysis. Process monitors are progra~nable and could be readily

automated.



SII. Years 2 - Years 3

After considering all the how-do's and tools to implement in support of the

v4nufacturing and business strategies (see appendix A) and a team of

experienced personnel has been assembled into a planning task force, the

specific manufacturing projects need to be identified, prioritized,

scheduled and cost/benefits sutarized. This should be done during Year one.

I Project descriptions of this sort are extremely detailed and beyond the scope

of this report, but a careful listing of all the assumptions which AMT con-

considers important for world class manufacturing of its membrane cartridges

are contained in the accompanying report dealing with projected rough order

of magnitude product costs. This imple-entation stage of scale up to world

class manufacturing status will be characterized by:

I - Production set ups reduced in pilot attempts by at least 53Z.

- Annualized raw material and work-in-process inventory turns move towards

12-15.

- Operations inefficiences attacked via established progiams in many

areas.

- Key suppliers involved to the point whefe inspectionless receiving can

. started with some qualified suppliers.

3 - Equipment run at below rated speeds with workers in charge of light

machine maintenance. Preventive maintenance structurally built in.

- Total Quality Control program implemented, tools in place and integra-

tion with JIT occuring.

""- The computing environment includes daily batch updates. with on line

inquiry status.

- Computing equipment proliferated thruout facility including relevant

hardware, applications software, and telecoiiunication networks.

- Database M~angenent Systems and DATA Processing Pover (frou work stzr:ons

to KICROS) iast.Aled. Utilization of intelligent processing power fren

mainfr&as to MICOS to include DB5 and DA'IA dictionary use.

I



- CAD Systems used for drafting, and CAD/CAE Systems standardization

3 emerging. Some CAD/CAE Systems used in design and analysis, work cell

device progra=ing. Electronic geometric part descriptions replace part

3l drawing =aster part definitions. Technical computer systems integrztion

with business systems initiated.

- Factory local area networks include CNC - controlled production equip-

=ent and DNC networks via W or proprietary networks attempted.

- Quality costs fully recognize all four Feigenbau= model costs. Costs

as a Z of sales reduced to 15-20%.

- Supplier certification for quality pernits inspectionless receiving.

Preventive Maintenance Program firmly established. Machines run at

3 or below rated speeds.

- Teamwork established between product and process design.

- Role of Technology now expanded. Use of CAD/CAE in design, use of

CIM technology and software to compare manufacturing process results with

product and process design data.

I

I
I
I

Ia



III. YEARS 4 - 5

I During this final phase of scale up the Company will progress to full
imple=entation of JIT, full integration of CLM, and full connection/i=ple-

3 nentation of TQC.

- Production set ups reduced from original at least by 75%. som areas
as high as 90Z - many set up in minutes.

- Annualized raw =iterial and work in process inventory turns 20-25

overall, 40-50 iv sor-e lines.

- Operations inefficiencies attacked in all programs. reductions wide-

spread.

- 90% of suppliers certified for inspectionless receiving, nunber of

suppliers reduced to minin•u.

3 - Preventive uaintenance a necessity of JIT and beco.ng fully

practised.

3 - Total Quality Control program an equal partnev of CIM and JIT.

- Couputing environment on line inLeractive with real time up.6ates.

3 - Cociputer equipment/electronic links to supplier/custocers fully

established.

- Several DBMS but one logical integrated DATABASE design with use of a

standardized data dictionary.

- Geographic and hierarchical dispersion of intelligent processing

power.

I - CAD/CAE fully integrated for design and werk cell device progra:ng.

electronically linked to bill of material and process/routing (MA.?P

and other business sytess.

- Fully integrated factory LAIN using latest MAP specification or

proprietary network for scheduling, quality, process control,

preventive maintenance, and material covement.

I



- Quality costs as a I of sales reduced to 1 - 5%.

- Long tem partnerships (sole sources) established for high quality

suppliers.

- Product and process design requires design quality integrated with

TQC.

3 - All employees trained in Design for Quality, Taguchi Methods, and

SQC.

I•l - Role of Technology (CMt) plays an inseparable role with people

in promoting, r-easuring and ensuring quality.

I
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